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Abstract 
The single electron characteristics and ambient stability of nitroxide radicals make them ideal 
for use in many different fields. This is exemplified in diverse applications ranging from energy 
storage materials, antioxidants in biomedicine, catalysts in organic synthesis, contrast agents for 
imaging, biospin-labeling, to organic magnets. Utilisation of nitroxide radicals in energy storage, 
especially as electrode active materials in secondary batteries, have attracted substantial interest over 
the past decade. Nitroxide radical electrodes have the virtue of fast redox kinetics, considerable 
theoretical capacity (mAh/g), and a high redox potential, positioning them as a promising replacement 
for traditional metal oxide materials in the fabrication of flexible and implantable electronic devices. 
However, some challenges still remain in utilizing nitroxide radicals or their corresponding polymers 
to make exceptional electrode active materials. First, the dissolution of both small molecules and 
polymers consisting of nitroxide radicals into organic electrolyte solution reduces its cycle stability; 
and second, poor miscibility between the nitroxide radical polymers and carbon materials 
compromises their polymer loading ratio in the final electrode and thus rate performance. These 
challenges greatly impede further applications and implementation of nitroxide radical compounds in 
energy storage applications. In this thesis, several strategies have been developed to produce well-
defined nitroxide radical small molecules and polymers to overcome the current challenges. By 
introducing new groups in the nitroxide radical structure, increasing polymer chain length or forming 
non-covalent polymer gels, we can effectively reduce or eliminate the dissolution of these nitroxide 
radical materials into the electrolyte. Furthermore, by improving the interaction between the polymer 
and carbon, we could significantly increase the material loading within the electrode while 
maintaining high miscibility. Controlling the design of the nitroxide radical electrode, we could 
produce a battery that delivers high capacity, maintains excellent cycling stability and rate capability 
at high material loadings. 
In Chapter 2, a series of nitroxide compounds with different functional groups, ring sizes, and 
heteroatoms were synthesized. The redox potentials of nitroxide radicals synthesized were measured 
by cyclic voltammetry and correlated to DFT theory to reveal the effect of electron 
withdrawing/donating groups on the redox potential. In Chapter 3, 1,2,3-triazole ring functional 
TEMPO radicals were synthesized via the CuAAC reaction. The orthogonal CuAAC ‘click’ reaction 
ensures the absence of radical side reactions with the exclusive formation of 1,2,3-triazole ring, 
producing structures with low solubility in common electrolyte solvents. Directly applying the 1,2,3-
triazole ring functional radical structures as a lithium battery cathode with a high loading ratio shows 
good cycle stability and C-rate capability. In Chapter 4, a series of poly(2,2,6,6-tetramethyl- 
piperidinyloxyl-4-yl methacrylate) (PTMA) with different degrees of polymerization ranging from 
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66 to 703 are synthesized via single electron transfer ‘living’ radical polymerization (SET-LRP). The 
PTMAs with different molecular weights are tested as cathode material in a lithium battery, 
demonstrating that the higher molecular weight PTMA provides better cycling stability. Furthermore, 
in Chapter 5, the high molecular weight PTMA is covalently functionalized with pyrene groups and 
bound to rGO to form a ‘sandwich’ polymer/rGO nanostructure. This strategy improves the 
polymer/carbon miscibility and electron transfer on the polymer/carbon interface. Electrochemical 
results indicate the sandwich-like polymer/rGO nanostructure significantly enhances its C-rate 
capability and cycle stability at polymer loading up to 45 wt%. Finally, in Chapter 6, a hydrophilic 
nitroxide radical gel with a polyether backbone is synthesized via anionic copolymerization of 4-
glycidol TEMPO and 1-glycidol pyrene. The gelation of the polymer resulted from the π-π interaction 
of pyrene groups that efficiently prevents polymer dissolution. This gel shows excellent cycle stability 
over 100 cycles in comparison to the non-gel polymer in a lithium battery. 
The objective of this Thesis is to study the impact of the chemical structure of nitroxide radical 
compounds and microstructures as electrode composites on the electrochemical properties. The 
results provide insights into the (micro)structure-property relationship upon the applications of 
nitroxide radicals as a secondary battery. The results support that the strategies developed in this 
Thesis effectively alter and enhance the electrochemical performance of nitroxide radical compounds 
with respect to cycle stability and rate capability. The knowledge and methodologies developed in 
this Thesis will not only benefit nitroxide radical based active materials, but also be applicable to 
other redox-active organic and polymer materials in energy storage applications. 
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Chapter 1 Introduction 
 
Stable organic radical polymers (ORPs) are special due to the pendant side groups consisting 
of stable organic radicals. Because they combine the chemical, physical and mechanical properties  
of polymers with the unique properties of stable organic radicals, such polymer materials have found 
broad applications as catalysts,1 electrochemical active materials,2-3 organic magnetic materials4-5 and 
biological imaging agents.6 The replacement of heavy metals with ORPs in these applications makes 
it more environmentally friendly, and thus, the synthesis of stable organic radicals and their polymers 
have attracted significant attention. In this case, synthesis of stable organic radicals and their polymers 
has attracted significant attention. A range of different synthetic strategies have been developed to 
create ORPs with a wide variety of chemical compositions and physical architectures. The first 
chapter of the thesis will introduce general synthetic methods to produce ORPs, focusing on nitroxide 
radical polymers and its application in energy storage with literature reports exemplifying each type. 
1.1 Stable organic radicals 
Organic radicals often appear as intermediates in photochemical and thermal reactions, and 
usually are short-lived due to their highly reactive nature. Persistent radicals have greater kinetic 
stability and longer lifetimes,7 which dramatically decrease in the presence of oxygen or other 
impurities. Stable organic radicals, according to the definition by Ingold,7 represent a class of radicals 
that are persistent and unreactive to air, moisture, and other conditions. These compounds can be 
stored and handled under ambient temperature. Radicals of this type generate thermodynamic stability 
and long lifetimes through delocalization of the unpaired electron within a large conjugation system. 
They can be categorised into four classes as shown in Figure 1-1.  
 
Figure 1-1. Common organic radicals with different atom centers 
In 1900, Gomberg8 discovered the first carbon-centered radical from the reaction of triphenyl 
bromomethane with molecular silver to produce triphenylmethyl radicals (Figure 1-2a). The 
triphenylmethyl radical and its derivatives together with some purely aliphatic radicals are classified 
as persistent radical due to their kinetic stability. In the presence of oxygen and other impurities, these 
radicals rapidly decay through as yet undetermined routes. Kuhn and Trischmann,9 first reported the 
(a) (b) (c) (d)
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unreactive nature to air and moisture of the divalent nitrogen-centered verdazyl radical (Figure 1-2b) 
in both solution and solid states. The stability of the verdazyl radical did not require resonance from 
all phenyl groups but more importantly delocalization of the unpaired electron across all nitrogen 
atoms of the cyclic hydrazyl structure. The third class of stable organic radicals as exemplified by the 
oxygen-centered phenoxyl radical is obtained through oxidation of various phenols.10-11 Galvin12 
reported the first stable phenoxyl radical (later known as galvinoxyl in Figure 1-2c) that showed good 
stability in the air for a few months. Delocalization of this oxygen-centered electron through the 
phenyl group imparted its stability. The last family of stable radicals, the nitroxide radicals, were first 
isolated in Russia in 1959. They possess higher stability compared to the other three types of organic 
radicals13-14 through delocalization of the unpaired electron on N-O bond. The absence of α-Hs on 
the carbon atoms adjacent to the nitrogen atom prevents disproportionation, which makes it stable for 
years in open conditions. Synthesis and applications of small molecular stable organic radicals have 
been well-summarized by Hicks15 and Rozantsev14. Therefore, in this chapter, only the synthesis of 
ORPs and their applications will be discussed. 
 
Figure 1-2. Typical examples of stable radical (a) triphenylmethyl, (b) verdazyl, (c) galvinoxyl, and (d) nitroxyl. 
 
1.2 Synthetic methodologies of stable organic radical polymer (ORPs) 
Stable ORPs generally consist of a polymer backbone with many stable organic radical side 
groups. This combination brings together the advantages of the physical properties of polymers and 
the unique features of stable organic radicals.  Stable ORPs are mainly synthesized using the 
following three approaches: (i) direct polymerization of stable radical monomers that does not involve 
radical reactions; (ii) conversion of radical polymer precursors to stable ORPs; and (iii) post-
modification of polymers bearing functional groups with small molecular stable radicals.  
 
 
(a) (b) (c) (d)
 3 
 
1.2.1 Direct polymerization of radical monomers 
1.2.1.1 Ionic polymerization  
Ionic polymerization represents an ideal method for the synthesis of ORPs as the 
polymerization process generally does not affect the radical center. The most widely used ionic 
polymerizations techniques for the direct polymerization of stable organic radical monomers include 
oxyanionic, carbanionic, metal-coordinated anionic and cationic polymerizations. And most of the 
monomer studied is the nitroxide radical functional monomer because of its superior stability 
compared with other carbon or nitrogen centered radicals.  
The first stable ORP with pendent nitroxide radicals was reported by Griffith et al.16 in 1967. 
Methacrylate of 4-hydroxyl-2,2,6,6-tetramethylpiperidine-1-oxyl (HO-TEMPO) M1 was directly 
polymerized by phenylmagnesium bromide, a Grignard reagent, through carbanionic polymerization 
to give polymer P1 (Figure 1-3, path i). However, the molecular weight measured by osmometry was 
low (e.g., 1050 to 1950). Using the same polymerization method, Komaba et al.17 and Bugnon18 found 
that the polymer was partially crosslinked possibly due to a reaction between the Grignard reagent 
and radical moieties. Sukegawa et al.19 recently showed that when monomer M1 was directly initiated 
by 1,1-diphenylhexyllithium, another organometallic compound, the carbanion attacked both the 
double bond and nitroxide radical. To reduce these side effects, the initiators were first capped with 
methyl methacrylate (MMA) to form methacrylate carbanions (Figure 1-3, path ii). These active 
centers then initiate polymerization of monomer M1 to yield a polymer with the number-average 
molecular weight (Mn) up to 20 kDa with a very low dispersity (Ð <1.10).  
 
Figure 1-3. Synthesis of nitroxide radical polymer P1 through anionic polymerization of monomer M1. 
Stable ORPs with polyether as a backbone are usually synthesized through ionic 
polymerization of oxane-based monomers. Figure 1-4 lists the monomers that have been studied thus 
far, and consist of nitroxide radicals with either an epoxy or oxetanyl group. Among them, monomer 
M2, 4-glycidyl-2,2,6,6-tetramethylpiperidiyl-1-oxy (GTEMPO), was one of the most studied 
monomers due to its ease of synthesis and purification. M2 can be synthesized on a hundred-gram 
scale through a one-step phase-transfer reaction of HO-TEMPO with epichlorohydrin in a 50% 
M1 P1
(i) RMgX
(ii) MMA-Li+
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sodium hydroxide solution, followed by distillation under reduced pressure.20 Polymerization of M2 
by either anionic or cationic mechanism has been studied by different groups as shown in Figure 
1-5.20-22 Homo-polymerization of M2 and copolymerization with glycidyl phenyl ether through 
anionic polymerization in bulk were carried out by using potassium tert-butoxide (tBuOK) as the 
initiator. This resulted in the formation of polymers P2 and P3 with a rather broad dispersity 
(Ð>1.62),21 probably due to the low initiation activity and solubility of tBuOK in M2. Efforts for the 
cationic polymerization of M2 were unsuccessful with less than 5% monomer conversion. Jia et al.20 
reported that the anionic copolymerization of M2 with ethylene oxide (EO) in THF produced 
copolymer P4 with Ð~1.10. The nitroxide radical density in polymer P4 was controlled by varying 
the molar ratio of M2/EO. Electron paramagnetic resonance (EPR) spectra of these copolymers 
showed a gradual broadening of the spectra with increasing M2 content owing to the increased radical 
spin-spin coupling. Recently, Nishide and Oyaizu22 reported the anionic polymerization of M2 by 
using tBu-P4, a phosphazene as a strong organic base, together with alcohol as the initiating system. 
This system allowed the polymerization to be carried out at room temperature with high retention of 
the radical groups. After polymerization, it was found that Mn from size exclusion chromatography 
(SEC) was two to ten times lower than the theoretically calculated values. Although no explanation 
was given, it may result from some unknown initiation species that led to the low average molecular 
weight.  
 
Figure 1-4. Monomers M2-M7 for the synthesis of polyether-based stable ORPs by ionic (co)polymerization. 
M2 M3 M4 M5 M6 M7
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Figure 1-5. Synthesis of TEMPO radical-containing polyethers P2-P4 through anionic polymerization of monomer M2. 
Oyaizu et al.23 have used anionic coordinated ring-opening polymerization (ACROP) to 
polymerize monomer M2 and M3 in an attempt to improve the polymerization initiated by tBuOK. 
Polymerization of M2 and M3 with tBuOK in THF gave a lower dispersity (Ð~1.3) than that found 
in bulk (Ð~1.7). The ACROP system of M2 and M3 initiated with diethyl zinc/water (Et2Zn/H2O) 
resulted in higher dispersity (Ð~1.7-2.1), and moreover caused a decrease of the radical number per 
repeating unit (i.e., 0.62 spins/unit). Attempts by the authors to polymerize oxetane monomers M4 
and M5 through either anionic or cationic polymerization proved unsuccessful. A high temperature 
(>150 oC) was required for the ring-opening polymerization of oxetanes, while under these 
conditions, the nitroxide radicals were prone to degradation due to the Lewis acid or aluminum 
complexes catalysts. Two more compact epoxide-functionalized five-membered ring nitroxide 
radical monomers M6 and M7 were prepared through a multiple-step organic synthesis with rational 
yields.24 Polymerization of M6 by ACROP gave polymer gels with very low yield (6%). Anionic 
polymerization by tBuOK in THF increased the yield to 20% but produced oligomers with a very low 
Mn (<1000). The low radical concentration on the oligomers further suggested that some undesirable 
side reactions of nitroxide radical occurred during the polymerization. Attempts to polymerize M7 
under different initiating conditions failed to give the corresponding polymer due to significant 
decomposition of the radical groups.  
In another work,25 the cationic polymerization was successfully used for the polymerization 
of 4-vinyloxyl-TEMPO, M8. Monomer M8 was synthesized through the Ir catalyzed reaction of HO-
TEMPO with vinyl acetate in toluene at 90 oC. The cationic polymerization could occur when 
initiated with BF3.Et2O in DCM at -25 oC. The corresponding TEMPO-containing poly(vinyl ether), 
P2 P3 P4
M2
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P8, formed a gel that was insoluble in organic solvents (Figure 1-6). Although the polymerization 
was not well-controlled, the gel product was still able to be used as the electrode material. 
 
Figure 1-6. Synthesis of TEMPO-containing poly(vinyl ether) P8 through cationic polymerization of 4-vinyloxyl-
TEMPO monomer M8. Reproduced from ref. 25 with permission from Wiley-VCH. 
 
1.2.1.2 Ring-opening metathesis polymerization  
Ring-opening metathesis polymerization (ROMP) is another polymerization technique that 
does not involve a radical process and can be used for the direct polymerization of stable organic 
radical monomers. Different organic radicals have been coupled to cyclic ene monomers through 
reactions with norbornene or oxonorbornene derivatives. The Grubbs catalysts were primarily used 
to polymerize these radical monomers. 
Masuda and co-workers,26-27 first reported the synthesis of a series of TEMPO-containing 
norbornene monomers M9-M11 and polymerized them using the Grubbs 2nd generation catalyst to 
give nitroxide radical polymers P9-P11 (Figure 1-7).  The polymerizations were carried out under 
mild condition (i.e., in CH2Cl2, at 30 oC for 45 min) producing polymers with very high molecular 
weight. For example, polymers were produced with Mn of 185,000 for P9 and 137,000 for P10. 
Although M11 could be polymerized, its corresponding polymer P11 was not soluble in organic 
solvents. Monomers M12 and M13 were PROXYL-containing norbornene monomers (PROXYL= 
2,2,5,5-tetramethyl-1-pyrrolidinyoxy), which were synthesized by esterification of hydroxyl-
functionalized norbornene with 3-carboxy-PROXYL. Polymerizations of M12-M13 were carried out 
under similar condition to M9-M11, and the corresponding radical polymers P12-P13 were formed 
in high yields (>90%), with Mn greater than 200,000 and with broad dispersities (i.e., Ð>3.5).28 These 
polymers were thermal stable at the temperature up to 220 oC due to the polynorbornene backbone, 
which is a distinct advantage over other similar types of polymers. The radical-radical distance 
obtained by X-ray crystallographic data showed that the endo/endo-orientation was 10 Å, a value 
much smaller than endo/exo-orientation. 
Toluene, 90 oC
Cat. Ir
Vinyl acetate
Na2CO3 BF3·Et2O
CH2Cl2,-25 oC
M8 P8
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Figure 1-7. Synthesis of TEMPO- and PROXYL-containing polynorbornenes P9-P13 through ROMP of norbornene-
based monomers M9-M13. 
Alternatively, TEMPO-containing 7-oxanorbornene monomers and their corresponding 
polymers have also been reported.29 Oxanorbornene radical monomers M14-M17 were synthesized 
by esterification or amidation of exo-3,6-epoxy-1,2,3,6-tetrahydrophthalic anhydride with HO-
TEMPO and 4-amino-TEMPO, respectively. The anhydride is easily obtained through a Diels-Alder 
reaction of furan and maleic anhydride. Although the reaction was simple, the low yields (<20%) for 
all monomers require improvement. These monomers M14-M17 were polymerized by using Grubbs 
2nd generation catalyst (Figure 1-8). It was found that the polymerizations of M14 and M16 resulted 
in high molecular weight polymers P14 and P16, respectively. However, polymerization of M15 only 
gave low molecular weight P15, and M17 failed to produce any polymer, suggesting the strong steric 
selectivity of ROMP. 
 
Figure 1-8. Synthesis of TEMPO-containing polyoxonorbornenes P14-P17 through ROMP of oxonorbornene-based 
radical monomers M14-M17. 
Grubbs catalyst 
2nd generation
M9 (2,3-endo, exo)
M11
R=
R=
M10 (2,3-endo, endo)
P9-P13
R=
M12 (2,3-exo, exo)
M13 (2,3-endo, endo)
M14: X=O, endo, exo
M15: X=O, exo, exo (or endo, endo)
M16: X=NH, endo, exo
M17: X=NH, exo, exo (or endo, endo)
Grubbs catalyst 
2nd generation
P14: X=O 
P15: X=O, low Mn
P16: X=NH 
P17: X=NH no polymer
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Apart from nitroxide radical monomer, ROMP has also been used to polymerize oxygen-
centered phenoxyl radical containing norbornene. Schubert and co-workers30 reported the synthesis 
of 2,6-di-tert-butyl-phenoxyl-containing norbornene monomers M18 and M19 as well as 2,6-
dimethyl-phenoxyl-containing norbornene monomer M20. Polymerization of these monomers using 
Grubbs 3rd generation catalyst (Figure 1-9) produced polymers P18 and P19 with very high Mn 
(obtained from SEC in N, N-dimethylacetamide) that were insoluble in many common solvents. The 
low dispersity for polymer P18 (Ð=1.09), an increased dispersity (Ð=2.31) for polymer P19 and the 
insoluble gel for polymer P20 indicated that decreasing steric hindrance from M18 to M20 resulted 
in an increase in side reactions involving phenoxyl radicals. The advantages of ROMP include (i) 
mild polymerization conditions, (ii) ability to achieve very high molecular weight, and (iii) good 
polymerization control of monomers with large radical groups. 
 
Figure 1-9. Synthesis of phenoxyl-containing polynorbornene P18-P20 through ROMP of norbornene-based phenoxyl 
radical monomers M18-M20. 
The versatility of ROMP in radical polymer synthesis was also shown in the synthesis of the 
6-oxoverdazyl radical polymer. Recently, 6-oxoverdazyl radical monomer M21 was prepared through 
an multi-step process with an overall yield of 62%.31 This norbornene verdazyl radical monomer was 
polymerized in the presence of Grubbs 3rd generation catalyst in CH2Cl2 at 0 oC, producing polymer 
P21 with a high yield of 92% (Figure 1-10) and a narrow polydispersity (Ð=1.07). Further studies 
on the electrical conductivity of this polymer film revealed a Poole-Frenkel-like transport mechanism, 
making polymer P21 a potential material in bistable electronics.  
M18: R1=R2=
M19: R1= H
P18
P19 (High dispersity)
P20 (Insoluble gel)
Grubbs catalyst 
3rd generation
R2=
M20: R1= H R2=
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Figure 1-10. Synthesis of 6-oxoverdazyl-containing polynorbornene P21 through ROMP of norbornene-based verdazyl 
radical monomers M21. Reproduced from ref. 31 with permission from Wiley-VCH. 
 
1.2.1.3  Olefin metathesis polymerization  
Transition-metal based catalysts, especially rhodium (Rh) complexes, have been widely used 
for metathesis polymerization of radical-containing olefins such as acetylene. The first 
poly(phenylacetylene) nitroxide radical polymer was reported by Fujii et al.32 as shown in Figure 
1-11. Monomer M22 was synthesized through the reaction between alkyne functionalized aldehyde 
and bis-hydroxylamine followed by oxidation to give a dark blue solid product. Polymerization of 
M22 was achieved by using rhodium catalyst, Rh(COD)(NH3)Cl, and produced a polymer with 
pendant nitronyl nitroxide radical groups. The aim was to build an organic magnetic material. Nishide 
and co-workers33 made the same polymer P22 as electrochemically active materials.  
 
Figure 1-11. Synthesis of bipolar nitronylnitroxide-containing polyacetylene P22 through metathesis polymerization of 
acetylene radical monomers M22. Reproduced from ref. 32 with permission from American Chemical Society. 
Spiro-dinitroxide radical polymer with either poly(acetylene) or polyethylene backbone was 
also prepared by metathesis polymerization. Preparation of these spiro-dinitroxide radical polymers 
DCC,DMAP, CH2Cl2, RT, 4h
(i) Grubbs 3rd catalyst, CH2Cl2, 0oC, 1h
(ii) Ethyl vinyl ether, CH2Cl2, RT, 0.5h
M21 P21
Rh catalyst
M22 P22
K2CO3
PbO2
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aimed to provide two redox sites per repeating unit allowing high capacity for electronic devices. 
Nesvadba et al.34 have synthesized acetylene functionalized spiro-dinitroxide radical M23 and 
ethylene functionalized spiro-dinitroxide radical monomer M24 with yields of 93% and 73%, 
respectively. Polymerization of M23 produced polymer P23 with an Mn as high as 42,000, while the 
polymerization of M24 was carried out in the presence of crosslinkers to give a polymer gel, P24 
(Figure 1-12). However, these radical polymers showed poor electrochemical redox stability 
probably by reason of the over-oxidation and degradation of this spiro-dinitroxide structure. 
 
Figure 1-12. Synthesis of spiro-dinitroxide-containing polyacetylene and polyethylene P23-P24 through metathesis 
polymerization of acetylene or vinyl radical monomers M23-M24. Reproduced from ref. 34 with permission from 
American Chemical Society. 
To systematically study the effect of using a chiral monomer on the polymerization of 
nitroxide radical-containing acetylene monomers and the resulting polymer conformation, Masuda 
and co-workers35 prepared monomers M25-M29 with different chiral centers. M25-M29 were 
synthesized through either esterification or amidation of 4-carboxyl-TEMPO and 3-carboxyl-
PROXYL with acetyl alcohol or acetyl amine, respectively (Figure 1-13). The overall yields of 
monomers were higher than 74%. Polymerizations were carried out at 30 oC by using Rh catalysts 
(nbd)Rh+[η6-C6H5B-(C6H5)3] or [(nbd)RhCl]2-Et3N, which resulted in polymers P25-P29 with Mn 
greater than 10 K and high dispersities (i.e., Ð~1.5-11.5). Furthermore, they prepared a series of 
acetylene monomers containing multiple nitroxide radicals with different linkages such as an ester or 
amide. Polymerization of monomers M30-M37 produced polymer P30-P37 in 62-99% yield with Mn 
between 10,000 to 136,500, but P31 and P36 formed insoluble gels.36 The chiral monomer center 
allowed the corresponding polymer backbone to take a helical conformation consisting of the 
conjugated poly(phenylacetylene). This conformation enhanced the electrochemical properties of 
these polymers as discussed in the application section. 
M23
Rh catalyst
P23
M24 P24 (gel)
Rh catalyst
crosslinker
NaH/DMF
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Figure 1-13. Synthesis of nitroxide radical-containing polyacetylene P25-P37 through metathesis polymerization of 
acetylene monomers M25-M37. 
1.2.1.4  Other polymerization methods 
Radical-containing polymers can also be synthesized through selective polymerization 
methods. For the purpose of making an insoluble electrode material, Nishide and co-workers37 
reported a Michael addition reaction between acetylacetone functionalized TEMPO monomer M38 
and a tri- or tetra-acrylate. In the presence of 1,8-diazabicycloundec-7-ene (DBU), M38 reacted with 
the multi-acrylate crosslinker to produce a crosslinked poly(β-ketoester) network P38 (Figure 1-14). 
Upon thermal-curing of the three-dimensional network, the half-life of the nitroxide radicals in the 
film state was longer than one year at room temperature and three months at 100 oC. This strategy 
Rh catalyst
M29M25 M26 M27 M28
P25-P37
M31
M37
M30 M32 M33
M34 M35 M36
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could be used to make polymer film electrodes with good mechanical properties and thermal 
stability.37 
 
Figure 1-14. Synthesis of TEMPO-containing polymer network P38 through Michael addition reaction of M38 with 
multi-acrylate. Reproduced from ref. 37 with permission from Royal Society of Chemistry. 
Based on previous work, conditions for chemical oxidation polymerization of thiophene 
containing radicals or their precursors should be carefully chosen.38 In one example, TEMPO 
functionalized polythiophene was prepared by an oxidative polymerization in the presence of  
FeCl3;39 however, the polymerization condition had to be carefully tuned to avoid side reactions 
involving TEMPO radicals. Recently, the electrochemical oxidation polymerization of thiophene-
based nitroxide radical monomer was successfully carried out on an ITO-coated glass slide.40 
Electrochemical oxidation polymerization was also applied for the synthesis of 6-oxoverdazyl radical 
containing polythiophene. Chahma and co-workers41 reported the successful electrochemical 
polymerization of both verdazyl-radical-functionalized terthiophene M39 and its tetrazane precursor 
to produce the verdazyl radical containing polythiophene P39 (Figure 1-15). With the applied voltage 
(1.3 V vs. Ag/AgCl) higher than both verdazyl radical formation oxidation potential (1 V vs. 
Ag/AgCl) and radical oxidation potential (1.25 V vs. Ag/AgCl), the verdazyl containing polymer 
thiophene can be synthesized via one step electrochemical oxidative polymerization. Besides, since 
the electrochemical oxidation of verdazyl radical is reversible, thus the quenched radical during 
oxidative polymerization can be easy recovered via reduction at low applied potential.41 
Figure 1-15. Synthesis of 6-oxoverdazyl radical containing polythiophene P39 through electrochemical polymerization 
of M39 or its precursor. Reproduced from ref. 41 with permission from Royal Society of Chemistry. 
DBU+
M38 P38
Pt
1 V
Pt
1.3 V
1.3 V
Pt
M39
M39 P39
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In addition, group transfer polymerization (GTP) has also been used to polymerize radical-
containing monomers directly. Bugnon et al.42 have reported the polymerization of M1 to produce P1 
by 1-methoxy-2-methyl-1-trimethylsilyloxy-propene and tetrabutylammonium fluoride as the 
initiating system. However, the high dispersity indicated non-living polymerization behavior of M1 
by GTP. 
1.2.2 Conversion from radical polymer precursors 
Synthesis of stable ORPs through conversion from their precursor polymers allows the use of 
a great number of polymerization techniques. Mostly, conventional free-radical polymerization and 
‘living’ radical polymerization techniques have been used to polymerize radical precursor monomers 
or protected radical monomers to produce stable ORP precursors. Following oxidation or 
deprotection/oxidation, the final stable ORPs were produced. 
 
1.2.2.1  Conventional free radical polymerization  
The first polymerization of nitroxide radical precursor monomers was reported by Kurosaki 
et al.43 in 1972. Monomers 4-methacrylate- (M40) or 4-methacrylamide (M42) functionalized 2,2,6,6-
tetramethylpiperidine were synthesized through the reaction of methacryloyl chloride with 4-
hydroxyl- or 4-amino-2,2,6,6-tetramethylpiperidine, respectively. The much lower yield of M40 
(27%) was due to the similar reactivity of secondary alcohol and sterically hindered secondary amine 
(i.e., piperidine), while the high yield for M42 (88%) was attributable to the higher reactivity of the 
primary amine than that of the sterically hindered secondary amine. Polymerization of M40 and M42 
by conventional radical polymerization initiated with azobisisobutyronitrile (AIBN) afforded 
polymer precursors that after oxidation produced nitroxide radical containing polymethacrylate P40 
and polymethacrylamide P42 (Figure 1-16). Until recently, the polymerization of these piperidine 
derived monomers to afford nitroxide radical polymer after oxidation attracted interests for 
electrochemical applications. Recently, Schubert44 and Nishide45 reported the synthesis of polymers 
P40-P43 by conventional radical polymerization of monomers followed by oxidation, respectively. 
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Figure 1-16. Synthesis of TEMPO radical containing poly(meth)acrylate and poly(meth)acrylamide P40-P43 through 
conventional radical polymerization of M40-M43 and oxidation sequence. 
To make polymer-supported nitroxide radicals as organic catalysts, Miyazawa et al.46 
synthesized 4-o-vinylbenzyl-2,2,6,6-tetramethylpiperidine M44 through a Williamson etherification 
reaction between m- or p-chloromethylstyrene with HO-TEMPO. M44 was polymerized by itself or 
copolymerized with another monomer such as styrene, N-vinyl-2-pyrrolidone or acrylamide using 
AIBN as initiator at 60-70 oC (Figure 1-17). These polymers were further oxidized to give a series 
of stable radical polymers P44 (a-d). These polymer-supported nitroxide radicals were used as 
catalysts for the oxidation of alcohols. Zhang et al.47 reported the synthesis of polyallene containing 
nitroxide radical through the polymerization of 4-allenyloxyl-2,2,6,6-tetramethylpiperidine using 
benzyl peroxide (BPO) as initiator at 100 oC. The monomer was prepared by treatment of 4-
propargyloxyl-2,2,6,6,-tetramethylpiperidine with tBuOK. The resulting polyallene with pendant 
piperidine was further oxidized into the nitroxide radical polymer while maintaining an intact polymer 
backbone structure. 
 
Figure 1-17. Synthesis of TEMPO containing polystyrene P44a and its copolymers P44b-P44d through conventional 
radical (co)polymerization of M44 and oxidation sequence. Reproduced from ref. 46 with permission from Wiley-VCH. 
Phenoxyl radical precursor monomers (i.e., phenol methacrylate M45 and M46) have also 
been prepared and polymerized through conventional radical polymerization to give poly(4-phenol 
methacrylate)s. After oxidation with lead oxide, it afforded polymethacrylate polymers P45 and P46 
AIBN H2O2/Na2WO4
MeOH
R=CH3,    X=O
R=CH3,    X=NH
M40
M42
M41
M43
P40-P43R=H,     X=O
R=H,     X=NH
(i) AIBN and comonomer
(ii) oxidation 
M44
P44   (a) n=0,  (b) R=
(c) R= (d) R= 
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with pendant phenoxyl radicals.30 Similarly, the styryl functionalized galvinoxyl radical precursor 
monomer M47 was polymerized using AIBN as initiator in the absence or presence of tetraethylene 
glycol diacrylate (TEGDA) followed by oxidation with potassium hexacyanoferrate to produce 
poly(galvinoxylstyrene) P47 (a) or P47 (b), respectively (Figure 1-18). Phenol compounds, such as 
hydroquinone monomethyl ether (MEHQ), are commonly used to inhibit self-polymerization of the 
monomers. However, monomer M45-M47 can be successfully polymerized by conventional radical 
polymerization, suggesting that the decreased radical inhibitor effect was influenced by the increase 
in steric hindrance of phenol. These radical polymers can be reversibly reduced to phenolate anions, 
and were thus suitable as anode materials for energy storage applications.  
 
Figure 1-18. Synthesis of phenoxyl and galvinoxyl containing polymers P45-P47 through conventional radical 
polymerization of phenol monomer M45-M47 followed by oxidation. Reproduced from ref. 30 with permission from 
Wiley-VCH. 
Alternatively, nitroxide radical monomers can also be reduced to their hydroxylamine, and 
further protected by tert-butyldimethylsilyl chloride (TBDMS-Cl). For example, nitroxylstyrene 
monomers M48-M50 were synthesized through multi-step procedures as reported by Suga et al.48 
The protection allowed the direct polymerization of these styryl monomers by AIBN. Deprotection 
of the TBDMS groups with TBAF, followed by mild oxidation using silver oxide or manganese oxide 
produced the final poly(nitroxylstyrene) polymers P48-P50 (Figure 1-19).  
M47 P47 (a) n=0 (b) n≠0
AIBN, THF
TEGDA
NaOHaqK3[Fe(CN)6]
AIBN, THF PbO2, Toluene
M45 M46 P45, P46
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Figure 1-19. Synthesis of nitroxide radical polymers P48-P50 through conventional radical polymerization of TBDMS-
protected hydroxylamine functionalized styrene monomer M48-M50 followed deprotection and oxidation. 
Recently, the work by Fanchini and Gilroy49 presented the synthesis of a 6-oxoverdazyl 
radical polymer P51 by conventional radical polymerization strategy. Briefly, phenyl-methacrylate 
substituted tetrazane monomer M51 was synthesized. Polymerization of M51 by AIBN initiation 
produced the tetrazane polymer, which after oxidation with 1.5 equivalent of p-benzoquinone at 85 
oC formed the verdazyl radical polymer P51 (Figure 1-20). Electrochemical characterization 
indicated P51 could be reversibly oxidized and reduced, rendering oxoverdazyl radical polymer as an 
important electrochemical active material. 
 
Figure 1-20. Synthesis of 6-oxoverdazyl radical polymers P51 through conventional radical polymerization of phenyl-
methacrylate substituted tetrazanes M51 and followed by oxidation in the presence of p-benzoquinone. Reproduced from 
ref. 49 with permission from Royal Society of Chemistry. 
AIBN
Benzene
(i) TBAF
(ii) AgO2
M50
M48
M49
P50
P48
P49
AIBN
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65oC, 22h 85oC, 15h
M51 P51R = iPr or Ph
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1.2.2.2  Living radical polymerization  
In comparison to conventional free-radical polymerization, ‘living’ radical polymerization 
(LRP) of organic radical precursor monomers can produce the final radical polymers with desired 
molecular weights and low dispersity. Schubert and co-workers44 have extensively studied the LRP 
of M40, including nitroxide-mediated polymerization (NMP), atom transfer radical polymerization 
(ATRP) and reversible addition-fragmentation chain transfer (RAFT) polymerization. NMP of M40 
produced polymer P40 with high dispersity (Ð=1.24-1.81) and the Mn values based on a polystyrene 
calibration curve were much higher than theory. RAFT gave better results (Ð<1.2), but a proper 
evaluation of the data to determine the RAFT efficiency, due to loss through hydrolysis or aminolysis 
from the monomer, was difficult as the Mn was determined from a polystyrene calibration curve. 
However, attempts to polymerize both monomers M40 and M41 via ATRP using different ligands 
showed similar results with low monomer conversion (~18%) and broad dispersity (Ð~1.5).    
Takahashi et al.,50 were the first successfully carring out ATRP of M40 by using methanol 
and 4,4’-dinonyl-2,2’-bipyridine as the ligand. Low molecular weight polymers (Mn=14000-27000) 
with narrow molecular weight distributions (i.e., Ð=1.12-1.21) were produced. The radical precursor 
polymer was further chain extended with glycidyl methacrylate to form a block copolymer (Figure 
1-21). This block copolymer could be directly covalently coupled to the surface of an ITO-coated 
glass plate and then oxidized with mCPBA to give the organic radical block copolymer. Because of 
the covalent attachment of the block copolymer to the surface, there are no longer any concerns that 
the polymer will diffuse into the electrolyte solution providing great stability and longevity of the 
electrode material. Recently, Bertrand et al.51 demonstrated the single electron transfer living radical 
polymerization (SET-LRP) of M40 using Cu(II)Br2/Cu(0) wire and PMDETA catalytic system at 40 
oC in isopropanol. Polymer P40 was obtained in nearly quantitative monomer conversion (up to 98%) 
and a very low dispersity (Ð=1.14) in 4 h. The author suggested the polymerization was conducted 
under a single-electron transfer living radical polymerization mechanism.52 The oxidation of radical 
polymer precursor was carried out in hydrogen peroxide solution with the catalysis of sodium 
tungstate. The oxidation efficiency corresponding to the nitroxide radical density of the polymer P40 
was evidenced by UV/Vis spectra. 
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Figure 1-21. Synthesis of TEMPO-containing block copolymer through ATRP of M40 with glycidyl methacrylate and 
oxidation sequence, for surface grafting on the ITO-coated glass slide. Reproduced from ref. 50 with permission from 
Elsevier. 
Studer and Ecker53 reported the ATRP of an alkoxyamine methacrylate monomer M52 
produced an alkoxyamine containing polymer precursor (Figure 1-22). Comparing to the piperidine 
monomer M40, ATRP of M52 gave the radical polymer precursor P52 with a much narrower 
dispersity (Ð=1.1). Owing to the thermal reversible property of the alkoxyamine group, thermal 
decomposition of the P52 alkoxyamine groups in the presence of oxygen at 135 oC regenerated 
nitroxide radicals and produced TEMPO radical polymer P1 with a yield of 93%.   
 
Figure 1-22. Synthesis of TEMPO-containing polymer P1 through ATRP of alkoxyamine methacrylate monomer M52 
followed by thermal decomposition and oxidation of alkoxyamine polymer P52. Reproduced from ref. 53 with permission 
from American Chemical Society. 
In addition, oxidation of radical polymer precursors was also applied for the synthesis of ORPs 
consisting of the perchlorotriphenylmethyl (PTM) radical. PTM radicals have been extensively 
studied for many decades,54 with only a few examples utilizing PTM radicals as stable ORPs. Lambert 
Cu(I)Br/L, MeOH Cu(I)Br/L, Acetone
mCPBA
THF
L=
IT
O
(i) Annealing 140 oC
(ii) mCPBA, THF
M40
2-EBiB, CuBr/PMDETA
Anisol, 50 oC
O2, tBuPh
135 oC
M52 P1P52
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and co-workers55 reported the synthesis of a PTM radical polymer precursor through the Horner-
Emmons reaction that was converted to its radical form through oxidation with p-chloranil. This 
radical polymer has the potential to be a low-band-gap material with better film formation and surface 
stability, an advance over small molecular PTM radicals. Generally, polymerization of stable organic 
radical precursor monomers followed by oxidation allows LRP techniques to be used to control 
molecular weight, dispersity and architecture. It also allows the preparation of stable ORPs/inorganic 
hybrid materials.56-57  
1.2.3  Post-modification of polymers bearing functional groups with nitroxide radicals 
Post-modification is widely used to produce many functional polymers with specific 
backbone or pendant groups for applications ranging from microfabrication to drug delivery 
carriers.58-59 This strategy also allows the synthesis of many stable organic radical polymers. Polymers 
containing pendant active ester groups are one of the mostly used polymers for post-modification and 
have been employed in the preparation of stable ORPs through the reaction with 4-amino-TEMPO 
M53. Bergbreiter and co-workers60 reported the post-modification of poly(N-acryloxysuccinimde) 
(an NHS active ester) with both 2-propamine and M53. This one-pot amidation reaction resulted in a 
random copolymer P53 consisting of N-isopropyl acrylamide (NIPAM) and TEMPO acrylamide 
(Figure 1-23). Upon the redox reaction of the nitroxide radicals, the lower critical solution 
temperature (LCST) of P53 changed accordingly. This method allowed the generation of a redox and 
thermal dual responsive copolymer. Similarly, Theato and co-workers61 modified 
poly(pentafluorophenyl acrylate) with M53 and an amine functionalized azobenzene to produce a 
triple responsive random copolymer that possessed thermo-, light- and redox-responsive features.  
 
Figure 1-23. Synthesis of the thermal-responsive NIPAM and TEMPO acrylamide copolymer P53 through modification 
of poly(N-acryloylsuccinimde) with propane-2-amine and 4-amino-TEMPO M53. Reproduced from ref. 60 with 
permission from Royal Society of Chemistry. 
Wolf and co-workers62 designed an azido functionalized polythiophene and coupled it with 
4-propargyl-TEMPO M54 to produce a nitroxide radical containing polythiophene P54 (Figure 
1-24). The copper catalysed alkyne-azide cycloaddition (CuAAC) ‘click’ reaction had no effect on 
the nitroxide radicals, and provided greater orthogonal functionality compared to the directly 
+
P53
M53
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oxidation polymerization of nitroxide radical functionalized thiophene monomer discussed 
previously.39 Similarly, the CuAAC ‘click’ reaction was also applied to make TEMPO radical 
containing polymers that were coated onto silica nanoparticles as recyclable catalyst for oxidation 
reaction.56  
 
Figure 1-24. Synthesis of TEMPO-containing polythiophene P54 through CuAAC ‘click’ reaction between azido 
functionalized polythiophene and 4-propargyl-TEMPO M54. Reproduced from ref. 62 with permission from Royal 
Society of Chemistry. 
The post-modification method allowed the synthesis of stable ORPs with specific backbone 
compositions not easily obtained by other polymerization techniques. For example, silicone-based 
nitroxide radical polymers P55-P56 were prepared through hydrosilylation of 
poly(methylhydrosiloxane) (PMHS) with 4-allyl-TEMPO M55 in toluene in the presence of platinum 
or rhodium complex as catalyst (Figure1-25).63 The best hydrosilylated efficiency of P55 was 76% 
when Karsted’s Pt or Rh catalysts were used. A similar efficiency of 77% for the reaction with M56 
was reported. The formation of a Si-O bond in P56 provided greater electrochemical redox stability 
compared to the Si-C bond formed in P55.63 
 
Figure1-25. Synthesis of silicon-based TEMPO radical polymers P55-P56 through modification of 
poly(methylhydrosiloxane) with 4-allyl-TEMPO M55 and HO-TEMPO M56. Reproduced from ref. 63 with permission 
from Wiley-VCH. 
+
25 mol% CuI
CHCl3/DMF
M54 P54
Cat. Pt or Rh
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M55 or M56
P55: n=3
M55 M56 P56: n=0
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Masuda and co-workers64 have reported nitroxide radical containing polymers with defined 
backbones to create cellulose-based stable radical polymers P57 and P58 (Figure 1-26a). In their 
work, ethyl or acetyl cellulose derivatives were used to increase the solubility in organic solvent. The 
remainder of the cellulose hydroxyl groups were then esterified with stable nitroxide radical 
molecules M57 and M58 to give the corresponding stable organic radical cellulose P57 and P58.  The 
cellulose-based backbone allowed the preparation of paper-like or fiber-like electrochemical 
materials. Recently Davida and co-workers also designed a series of cationic polyethylenimine (PEI) 
based nitroxide radical via ‘click’ reaction between epoxide from  M2 and amine group on the PEI 
backbone  (Figure 1-26b).65 The radical polymer P59 was used as an alchol electrochemical oxidation 
catalyst and showed good electrocatalytic activity and stability. These materials may be suitable not 
only for the application as oxidation catalyst but also radical bio-labels or electron paramagnetic 
resonance (EPR) imaging agents. 
 
Figure 1-26. Synthesis of TEMPO nitroxide radical containing (a) cellulose P57-P58 through esterification between 
hydroxyl groups of cellulose and carboxylic acid functionalized nitroxide radical M57 and M58; (b) synthesis of 
polyethylenimine based nitroxide radical polymer. Reproduced from ref. 64 with permission from Elsevier and ref. 65 
with permission from American Chemical Society. 
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1.3 Applications of organic radical polymers (ORPs) 
The applications of stable ORPs in most cases are directly related to the specific properties of 
stable radical side groups particularly nitroxide radicals. These include properties such as ultrafast 
reactivity with other radicals, reversible redox, paramagnetic property, etc. In this section, the 
applications of stable ORPs in different areas will be discussed with highlights on the nitroxide radical 
polymer as energy storage material, mainly as cathode material of secondary batteries.  
1.3.1 Electrochemical energy storage  
Varieties of stable organic radicals have been discovered for decades as discussed previously. 
Most of them, particularly nitroxide radicals, possess intrinsic reversible redox that allows the 
corresponding ORPs to be used as electrochemically active materials for energy storage. However, 
the application of ORPs in the energy storage field, such as ORPs cathode for lithium battery, ORPs 
catholyte of redox flow battery, has only emerged in the past decade. The first stable ORP cathode 
material for a rechargeable battery was poly(4-methacrylate-TEMPO) P1, reported in 2002 by 
Nakahara et al.66 from the NEC Company. During the following years, their studies focused on the 
microstructure of active electrode materials, cell fabrication, and electrochemical performance of 
nitroxide radical polymer.67-69 Meanwhile, Nishide and co-workers70 began to develop new nitroxide 
radical polymer structures working as battery cathode materials. A series of nitroxide radical 
polymers with different backbones including polyvinyl, polymethacrylate, polynorbornene, PEG, etc. 
and pendent nitroxide radical structures, such as TEMPO, PROXYL, have been reported. The 
applications of stable ORPs in electrochemical energy storage have been recently reviewed.71-72 
However, only the battery performances were compared respecting to parameters such as cell voltage, 
specific capacity, C-rate (a measure of the rate at which a battery is charged/discharged relative to its 
maximum capacity) and cycle life regardless of the effect of polymer structure and polymer/carbon 
composite microstructure. It has become apparent that the radical polymer structure (i.e., both 
chemical and physical) and polymer/carbon composite microstructure have significant impacts on 
their electrode performances. In this context, we are focusing on nitroxide radical polymer related 
energy storage. Apart from the fundamental of the nitroxide radical polymer based energy storage, 
we will also discuss the factors including nitroxide radical structure, nitroxide radical polymer 
structure/architecture, carbon additives and polymer/carbon composite nanostructures that affect the 
electrode performances. 
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1.3.1.1 Theoretical fundamental of nitroxide radical base energy storage 
 
 
Figure 1-27. (a) Resonance equilibrium of nitroxide radical; (b) Redox couples of nitroxide radical.  
Nitroxide radical redox (Thermodynamics). The nitroxide radicals possess high stability to 
oxygen and heat. The contributions to the stability of nitroxide radicals are mainly from two aspects: 
(i) the delocalization of the unpaired electron on the N-O bond provides the thermodynamic stability 
(Figure 1-27a) and (ii) the absence of α-hydrogen to the nitrogen prevents the disproportionation 
degradation of nitroxide radicals.73 In some cases, the unpaired electron can also delocalize to phenyl 
ring adjacent to the nitroxide radicals therefore to stabilize the radical.74 Because of the open shell 
structure of the nitroxide radical, it can be either electrochemically oxidized to form an 
oxoammonium cation or reduced to give an aminoxyl anion (Figure 1-27b) generating a closed 
shell.71 Principally, the reversibility of either oxidation or reduction process depends on the structural 
stability of the cation or anion species formed, respectively. In practice, for most of nitroxide radical 
structures, only oxidation process is reversible under open conditions, because compared with highly 
moisture reactive aminoxyl anion, the cation is relatively thermodynamically stable.74 This reversible 
oxidation of nitroxide radical is the thermodynamic cornerstone of the nitroxide radical base energy 
storage. Owing to the high oxidation potential (~3.6V vs. Li+/Li) of the reversible oxidation of 
nitroxide radicals,  among present reports, most nitroxide radical polymers only adopted as cathode 
material of second battery such as lithium battery,25, 75 sodium battery,76  zinc battery,77-79 magnesium 
battery80 and full organic battery systems.81-82 Taking sophisticated lithium/nitroxide radical polymer 
battery as an example, during the charging process, the nitroxide radical polymer on the cathode was 
oxidized to give the oxoammonium polymer. Meanwhile, the lithium ion in the electrolyte was 
reduced and precipitated on the metallic lithium anode surface. On the contrary, the discharging 
process leads reduction of the oxoammonium back to neutral radical and electrical oxidization of 
metallic lithium following diffusion into the electrolyte (Figure 1-28). In a practical battery system, 
a typical nitroxide radical polymer cathode is fabricated by coating a slurry consisting of nitroxide 
radical polymer, conductive carbon (SP, KB, rGO, CNT, etc.) and a polymer binder (PVdF) onto a 
current collector, usually Al foil for cathode. 
 
 (a) (b)
 24 
 
 
Figure 1-28. Lithium/nitroxide radical polymer battery charging/discharging process. 
 
Electron pathway (kinetics). Apart from the thermodynamic stability, a quick electron 
transport kinetic from the radical polymer to the current collector is also essential for the final battery 
performance. Though a recent investigation reported that nitroxide radical polymers could be semi-
conductive, it is under specific crystal structure condition.83 The amorphous nitroxide radical small 
molecules and polymers usually are nonconductive. Thus, without the addition of conductive carbon, 
only nitroxide radicals within a thin film layer (≤ 1μm) to the current collector can be efficiently 
oxidized via diffusion,84 while the radicals outside the current collector/electrolyte surface double 
layer are invalid. In order to reach quantitative oxidation efficiency at high loading of nitroxide radical 
materials, conductive carbon additives are added to form an electron pathway from polymer to current 
collector. Based on previous studies,85 the electron behaviour during charging/discharging process of 
the nitroxide radical polymer/carbon composite electrode can be categorised into four secondary 
processes: (1) the radical site-to-site electron hopping by self-exchange reactions in the polymer layer, 
(2) the electron transport from the radical to the carbon , (3) the electric conduction in the carbon 
fibre network, and (4) the interfacial electron transport from the carbon fibre to the current collector 
through the contact resistance (Figure 1-29a). Since the electron conducting behavior in the 
electronic conductor is only determined by the material itself, normally people are interested in and 
focusing on the process (1) and (2). In details, the nitroxide radicals contacted with carbon additives 
were oxidized into oxoammoniums first to form a gradient, then bulk radicals (inside green cycles in 
Figure 1-29a ) were transported to the next oxoammonium via self-exchanging reaction (electron 
hopping) driven by the gradient (Figure 1-29).86  Theoretically, the kinetics of electron transfer 
between the nitroxide radical polymer and conductive carbon (Process 2) can be characterized by the 
heterogeneous constant ko, while the electron hopping process (process 1) can be characterized by 
the kinetics parameter diffusion coefficient Dapp. 86-88 For TEMPO base nitroxide radical polymer, 
Dapp is around 108 cm2 s-1 in the solution; ko is approximately 8.4 x 10-1 cm s-1, which is much higher 
than many other organic redox processes such as 10-4 cm s-1 for ascorbic acid and 10-2 cm s-1 for 
Li Li+-e+e
3.6    
V
Charging
e
Discharging
e
Separator
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ferrocene. 86  The fast kinetics of nitroxide radical oxidation on the polymer/carbon interface and 
charge propagation along the polymer phase is the kinetics fundamental of applying nitroxide radicals 
and their polymer material for fast energy storage. 
                   
 
Figure 1-29. (a) The cross-sectional profile of the nitroxide radical polymer/carbon composite electrode, showing the 
four charge transport processes; (b) positive charge propagation during the oxidation of p-type radical polymers confined 
at a current collector surface and equilibrated in electrolyte solutions, showing the direction of the charge transport in the 
slab of the polymer. Reproduced from Ref. 85 and Ref. 86 with permission from American Chemical Society and Wiley-
VCH, respectively. 
 
1.3.1.2  Effect of nitroxide radical & monomer structures on the electrode performance 
The structure of nitroxide radical or its monomer is critical to its electrode performance. Not 
only the stabilities of all neutral radical, cation, and anion states but also the redox potentials of 
nitroxide radicals depend on the chemical structures. From the capacity aspect of nitroxide radical 
based electrode, the first motivation is to search nitroxide radical structures that have both 
thermodynamically stable cation and anion states, since that two-electron based capacity is always 
better than one electron. Similarly, an elevation of the theoretical capacity can also be attained via 
reducing the molecular weight of the nitroxide radical structure.   On the other hand, from the energy 
density point of view, the redox potentials of different nitroxide radical structures can affect the cell 
voltage once the radical polymer cathode is combined with other metal (i.e., Li or Zn) anodes. High 
cell voltage usually implies a high energy density. To produce a nitroxide radical polymer battery 
with a relatively high cell voltage (i.e., preferably > 2 V for organic anode; > 3.8 V for Li anode), one 
would like to select the nitroxide radical structure possessing high positive oxidation potential as the 
cathode. Therefore, understanding the structure-stability relationship of nitroxide radical and 
searching for high oxidation potential nitroxide radicals with low molecular weight should be the first 
consideration. 
a b(a) (b)
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Theoretically, nitroxide radicals can undergo both oxidation and reduction reactions through 
a single electron transfer process. However, the actual chemical structure of nitroxide radical 
determines whether the oxidation or reduction is reversible, thus the capacity is based on one electron 
or two-electron process. To closely investigate the substitution effects on the stability at different 
states and search for two electrons storage nitroxide radical, a library of model arylnitroxide radicals 
para-substituted with methoxy (M61), tert-butyl (M62), hydrogen (M63), and trifluoromethyl (M64) 
was synthesized to understand this trend. The corresponding reversible redox potentials of these 
radicals were 0.56, 0.75, 0.83 and -0.92 V vs. Ag/AgCl (Figure 1-30). The electron-donation 
substituents stabilized the oxoammonium cation and facilitated the oxidation to lower the oxidation 
potential. While the strong electron withdrawing CF3 group facilitated the delocalization of aminoxyl 
anion, M64 had a reversible reduction potential. According to this principle, polymer P48 had a 
reversible oxidation potential as 0.74 V vs. Ag/AgCl, while polymer P50 had reversible reduction 
potential at -0.76 V.48 Owing to insufficient stabilization of phenyl ring to two oxidized 
oxoammonium species, P49 showed irreversible redox behavior. Though the studies failed to give a 
nitroxide radical structure with both reversible oxidation and reduction; this substitution effect 
provides promising evidence that nitroxide radical with both stable cation and anion states could be 
obtained via chemical structure modifications such as modulation of the substitution groups.  
 
Figure 1-30. Substitution effect on redox potential of arylnitroxide. 
As mentioned above, besides searching two-electron storage nitroxide radical structures for a 
theoretical capacity elevation, one can also try to increase the radical density via reducing the 
molecular weight of the nitroxide radical structures, especially nitroxide radical monomers. For an 
ORP electrode, the molar mass per radical unit directly correlates to their specific capacity which is 
defined as the specific energy in ampere-hour or milliampere-hour per unit (i.e., kg or g). Therefore, 
the molar mass per radical unit inherently determines the charge storage capacity of a radical polymer 
electrode. The lower the molecular weight and the more of radicals per monomer unit, the higher the 
theoretical capacity. Some common stable radical polymer structures used for battery application 
M61 M62 M63 M64
Eox(V) Ered(V)
(vs Ag/AgCl) 0.56 0.75 0.83 -0.92
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were listed in Table 1-1. Their theoretical capacities (mAh/g) can be calculated based on their 
molecular weights and the number of radicals. One should keep in mind that to make ORPs, these 
radical groups have to be linked to functional groups that can be polymerized. This not only increases 
the molecular weight per radical unit but decreases the theoretical capacity. For instance, the TEMPO 
radical group R1 is the most studied radical and has been converted to a diverse range of monomers 
or coupled to different polymer backbones as discussed earlier. The correlation between the 
theoretical capacities versus the molecular weights of different monomers derived from radical R1 is 
given in Figure 1-31. The data suggests that by decreasing the molecular weight of the repeating unit, 
the theoretical capacities increase. This is exemplified from the high theoretical capacity of P8 (135 
mAh/g) compared to 74 mAh/g for P54. Additionally, if the radical monomers were copolymerized 
with a non-radical monomer, the theoretical capacity can significantly decrease. Without 
compromising other electrochemical properties, future design and synthesis of low molecular weight 
radical monomers can improve the theoretical capacity.  
 
Figure 1-31. The theoretical capacities vs. molecular weights of repeating unit of TEMPO based stable ORPs in 
electrochemical battery application. 
As discussed previously, different types of radical structures vary in redox potential, which 
has an impact on the energy density of the final electrodes. Briefly, providing the capacities of two 
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different radicals in the final electrode are the same, the higher redox potential structure always leads 
higher energy density. In general, cyclic nitroxide radicals such as TEMPO, PROXYL and their 
derivatives (R1-R4) have a reversible oxidation potential larger than 0.5 V versus Ag/AgCl attributed 
to the nitroxide radical/oxoammonium salt couple and no reversible reduction potential due to the 
formation of hydroxylamine moieties during their reduction (see the list in Table 1-1). The redox 
potential of the nitroxide radicals is much higher than the nitrogen or oxygen centered radicals. For 
instance, 6-oxoverdazyl radical (R12)89 and phenoxyl radicals (R10)90 give oxidation potentials 
around 0.18 and 0.06 V vs. Ag/AgCl respectively. Even for the same radical type, the redox potential 
can be tuned by the structure modification such as functionalization with different groups. It should 
be noted that for nitroxide radicals R1-R4, the substituent effect is in line with the electron donating 
and accepting abilities of the ring substituents. Simulations by Coote and co-workers91 showed that 
the oxidation potentials increased with the type of substituent in the order NH2, OH, OCH3, COOH 
and NH3+. For example, 4-amino-TEMPO has an oxidation potential of 0.7 V while 4-ammonium-
TEMPO is 0.85 V. This small change suggests that the substituents on aliphatic ring still have an 
effect on the redox potential of the nitroxide radical structures. It is coincident with the previous 
study, in which remarkable substituent effect on the redox potentials was experimentally observed in 
the family of arylnitroxide radicals R5 and R11. The redox potential of the final nitroxide radical 
structure can be either positive (R5) with no ortho-substitution or negative (R11) with an electron-
withdrawing ortho-substitution.48  
 
Table 1-1. Stable radical structures with their theoretical capacities and redox potential used in stable ORP electrodes. 
Radicals Structure MW (g/mol) 
(# of radicals) 
Theo. capacitya 
(mAh/g) 
(Ered)Eoxb 
(V) 
ref 
R1 
TEMPO 
 
155.24 
(1) 
173 0.73 22, 37, 64, 92-93 
R2 
PROXYL 
 
141.21 
(1) 
190 0.52 23-24, 28, 35 
R3 
PROXYL 
(unsaturated) 
 
139.20 
(1) 
193 0.5 23-24 
R4 
Spiro-dinitroxide 
 
268.34 
(2) 
200 0.8,1.6 34 
R5 
Arylnitroxide 
 
163.22 
(1) 
164 0.74 48, 94 
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R6 
Aryldinitroxide 
 
249.33 
(2) 
215 1.0 c 
 
48 
R7 
Nitronylnitroxide 
 
156.19 
(1) 
172 (-0.61) 0.72 33, 94-95 
R8 
Phenoxyl 
(2,6-dimethyl) 
 
120.15 
(1) 
223 (-0.57) 30 
R9 
Phenoxyl 
(2,6-di-tert-butyl) 
 
204.31 
(1) 
131 (-0.55) 30 
R10 
Galvinoxyl 
 
496.74 
(1) 
54 0.06 90 
R11 
Arylnitroxide 
(2-trifluoromethyl) 
 
231.22 
(1) 
116 (-0.76) 48 
R12 
6-Oxoverdazyl 
 
244.34 
(1) 
109 (-1.38)/0.18d 
 
89 
a Theoretical capacities Q (mAh/g) are calculated according the equation: , 
where F is Faraday constant, 96485 (C/mol or A·s/mol), n is the number of radicals per structure as indicated in 
the table and MW is the molecular weight of radical structure (g/mol); b Redox potentials vs. Ag/AgCl; c 
Irreversible oxidation reaction; d Redox potential vs. Fc+/Fc. 
1.3.1.3 Effect of nitroxide radical polymer structure/architecture on the electrode performance 
Apart from the nitroxide radical and its monomer structure, different polymer backbones and 
polymer architectures also play a role in the final electrode performance.  Particularly, the chemical 
structure of nitroxide radical polymer has an impact on the electron hopping kinetics.  The electron 
hopping rate constant during the redox reaction for nitroxide radical polymer is on the order of 108 
M-1 s-1 in the solution. This feature allows fast electron self-exchanging between the radicals and 
nitroxide cations in the process (1) mentioned above.3 Previous theoretical simulation results showed 
that the hopping kinetic is strongly related with the distance between two radicals from intra- or inter-
chains. An effective electron hopping occurred between two radicals within a distance of 6-7 Å. Based 
on that it is reasonable to speculate that a compact polymer chain structure with short radical-radical 
distance should facilitate the electron hopping efficiency.96 Besides, different radical polymer 
( ) ( )36001000 ´´´= MWnFQ
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structures lead different ways of this self-exchanging (i.e., hopping). For a radical polymer with 
carbon-carbon single bond backbone, the hopping is between two radicals as shown in Figure 
1-32a.72 On the other hand, it was also proposed that synthesis of radical polymers with intrinsic 
electrical conductive backbones could further improve electron flow since the pendant radicals can 
hop to the adjacent conjugate backbone (Figure 1-32b).40, 62 Finally, certain radicals could also be 
directly generated on the conjugated polymer backbone.92, 97 These radicals are part of a delocalized 
π-electron cloud along the conjugated polymer backbone; hence, the electron conductivity is the best 
of the three cases (Figure 1-32c). While for nitroxide radical polymers, only the former two electron 
hopping mechanisms are feasible, since most nitroxide radicals like TEMPO do not have a radical 
generated along a conjugated structure. Moreover, the polymer backbone structures also affect their 
swellability in the organic electrolyte.  Creating a radical polymer structure swollen but insoluble in 
the electrolyte solution is essential for the final electrode performance. It allows an effective counter 
ion mobility and diffusion into the polymer electrode layer, while prevents the polymer dissolution 
into the electrolyte. Overall, the use of nitroxide radical polymer with modified structure as electrode 
material could facilitate the electron hopping and ion migration, thus allow rapid charging and 
discharging to produce a battery with excellent C-rate (i.e., a current for charging a battery within a 
given period, 1C corresponding to 1 h, and 10C corresponding to 0.1 h) capability and power output 
performance. The quest now is to produce well-designed and well-defined nitroxide radical polymer 
(micro)structures to achieve these performances.  
 
Figure 1-32. Different electron transfer pathways of stable radical polymers with different backbone properties. (a) 
electron hopping between radical sites for non-conjugated backbone, (b) electron hopping between radical sites and 
conducting backbone for conjugated backbone and (c) electron flow through the conjugated backbone. Reproduced from 
ref. 97 with permission from American Chemical Society. 
For most of the nitroxide radical polymers, their single bond carbon-carbon backbone is an 
electrical insulator. Thus the hopping distance between two radical moieties must be short enough to 
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increase the electron hopping efficiency. In practical, radical polymer microstructures (e.g., tacticity) 
and chain architectures (e.g., linear, non-linear and crosslinked structures) play an essential role on 
the electron hopping in the polymer phase. For a linear radical polymer, the tacticity usually can be 
defined as isotactic triad (mm), syndiotactic triad (rr) and heterotactic triad (rm). Nitroxide radical 
polymer precursor synthesized from M1 by GTP42 had 84% of tacticity as mm and 16% of rr/rm as 
characterized by nuclear magnetic resonance.98 The cyclic voltammetry test of P1 obtained from GTP 
indicated 78% of radical species of P1 were oxidized at 0.37 V (vs. Fc+/Fc), and the rest of radical 
species required a much higher potential (e.g., 1.7 V vs. Fc+/Fc) as evidenced by cyclic 
voltammograms. This result suggests that the various polymer configurations would lead to different 
chemical microstructures of pendent radical groups, resulting in a different utilization efficiency in 
electrochemical applications.98-99 The distance between two radicals from intra- or inter-chains was 
also investigated through molecular dynamic simulation.  The key result suggested for a polymer P1 
film that most of effective electron hopping occurred between two inter-chain radicals at a distance 
of 6-7 Å.96 This provides new insights into the electron transfer in most of radical polymers, and 
guidance for design new radical polymer architectures with better electrochemical performance. It 
was also found that P25, P26 and P28 can take the helical conformation providing better 
charging/discharging properties than the non-helical ones.35 
Oyaizu and Nishide75 recently synthesized a densely grafted nitroxide radical polymer brush 
P71 through a sequence of anionic polymerization followed by ROMP (Figure 1-33). The thin film 
electrode prepared from P71 through spin-coating reached 94% of theoretical redox capacity at 
extremely fast C-rate (i.e., up to 120C) attributed to their thin-layered electrode and tight brush-like 
polymer architecture. This work suggests that through design and control of the polymer architecture, 
the electrochemical parameters of nitroxide radical polymers can be largely improved for better 
battery performance.75  
 
Figure 1-33. Synthesis of comb-like nitroxide radical polymer brush P71 for enhanced electron hopping during redox 
reaction. Reproduced from ref. 75 with permission from American Chemical Society. 
M1
Anionic polymerization
ROMP
P71
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Nitroxide radical polymers with a π-conjugated backbone have the potential to realize both 
enhanced electron storage (i.e., via radical groups) and electron transport (i.e., along conjugate 
polymer backbone). For instance, electrochemical tests of polymer P31, P33 and P34 (Figure 1-13) 
have shown practical capacities very close to their theoretical values. These polymers contained a 
poly(phenylacetylene) backbone to provide an extra electron transport pathway.36 Based on this 
result, nitroxide radical polymers with a polythiophene backbone were also synthesized. Despite 
requiring carefully selected synthesis conditions, the electrochemical properties were not as 
expected.39 It was found that when the radical polymers with a polythiophene backbone were 
incorporated into a cell battery, the specific discharge capacity significantly decreased with increased 
discharging current and over cycles. A further study indicated that the oxidation scission of the 
polythiophene backbone could be the cause for the decrease in capacity. Recently, a nitroxide radical 
polymer with poly(3,4-ethylenedioxythiophene) as backbone was synthesized by 
electropolymerization.92 This polymer again showed the decreased capacity at increased charging 
rates.  Conversely, the nitroxide radical polymer grafting on three-dimensional (3-D) polypyrrole 
matrix showed very stable discharge capacity to 250 cycles at 5C rate possibly due to the much lower 
oxidation potential for polypyrrole (i.e., -0.1 V vs. Ag/AgCl) and its 3-D structure.100  
As for the radicals generated on the conjugated backbone, recent work by Facchetti and Yao97 
reported a fully conjugated polymer containing naphthalenedicarboximide (NDI) and thiophene units 
(Figure 1-34). Upon reduction, the arylmethyl radicals were produced on NDI units allowing electron 
flow through the conjugated polymer backbone. The electrode performance through 
charging/discharging measurement displayed 80 % of theoretical capacity retention at an ultrafast 
rate of 500 C (i.e., 7.2 s charging). Moreover, without carbon additives, the electronic conductivity 
reached 10-3 S/cm with one carbonyl group per NDI unit reduced to a radical state, resulting in a 104 
enhancement compared to P72. Polymer P74 showed remarkable reversibility with 96 % theoretical 
capacity and retained 99.95 % columbic efficiency even after 3000 cycles. The only drawback was 
the low theoretical capacity as 54.2 mAh g-1 due to the high molar mass per radical units. Although 
only the intermediate structure P73 was strictly a radical polymer, this extraordinary result again 
provided strong support for the hypothesis (Figure 1-32c), and suggested the importance of the smart 
design of radical polymer backbone structures in energy storage application.97 
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Figure 1-34. Synthesis of conjugated radical polymers P73 containing naphthalenedicarboximide (NDI) and thiophene 
units as electrode showing excellent electrochemical performance. Reproduced from ref. 97 with permission from 
American Chemical Society. 
1.3.1.4 Conductive carbon additives for nitroxide radical polymer base electrode  
Usually, a working electrode is based on a nitroxide radical polymer/carbon composite rather 
than pure polymer since its low conductivity. Thus, the carbon additives also have an impact on the 
final electrode performance. Especially, the heterogeneous electron transfer process between 
polymer/carbon interface, of which the electron transfer kinetics and resistance are strongly related 
with the intrinsic properties of electrical conductor phases and the contactability of the 
polymer/carbon interface.  
Previous work by Yoshihara in Nishide group revealed that the content of the carbon loading 
in the electrode had an impact on the electron transfer resistance and the redox efficiency of the 
nitroxide radical polymer. 101 A carbon content lower than 60 wt% resulted in a great increase of 
electron transfer resistance on the heterogeneous interface, which was explained by a low carbon 
content leading a poor contact between the nitroxide radical polymer and the carbon material. Apart 
from the loading ratio of carbon additives, a series of different current collector materials including 
ITO/glass plate, glassy carbon plate, and platinum plate coated with the same electrode composite 
was also characterized by AC impedance spectroscopy. The results showed that the ITO surface 
possessed a lowest electron transfer resistance originating from a better adhesion of the composite to 
the ITO surface and a larger contact area of ITO surface to the composite layers. 101 All these evidence 
suggested that different surface morphologies and specific surface area of the conductive additives 
affect the polymer/electron conductor interface contactability, which further resulted in different 
electron transfer resistance and electrode performance.  
Commonly used conductive carbon materials include particle-like Super-P, sheet-like 
acetylene black, and mesopore network Ketjenblack, etc. These different carbon materials vary in 
+ e-, + Li
- e-, - Li
P72
P73
One carbonyl reduction
+ e-, + Li
- e-, - Li
P74
Two carbonyl reduction
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morphologies, specific areas and intrinsic conductivities (Table 1-2, data from website). Thus, when 
mixing with nitroxide radical polymers, different interfaces were formed with different electron 
transfer resistances. In a recent study conducted by Qian Huang,102 performances of nitroxide radical 
polymer cathodes base on Super-P and Ketjenblack were compared in a lithium battery system. 
Results suggested that the Ketjenblack with high specific surface area and intrinsic conductivity 
greatly facilitated the polymer/carbon contact and thereby reduced the charge transfer resistance (Rct 
33 Ω for Ketjenblack and 154 Ω for SP carbon both at 66.7 wt% loading) on the polymer/carbon 
interface. Apart from conductive carbon black, varieties of nano-carbons, such as single-wall carbon 
nanotubes (SWCNTs), 22, 103 multi-wall carbon nanotubes (MWCNTs),76, 104 reduced graphene oxide 
(rGO),105-106 graphene oxide (GO) 102 also have been introduced to make nitroxide radical or its 
polymer based electrode composite aiming for an enhanced electrode performance. Similar to the 
Ketjenblack, the excellent intrinsic properties of these nano-carbons including high specific surface 
area, good dispersibility and high porosity attribute a significant improvement aspect to the charge 
transfer resistance of the final polymer/carbon electrode. Therefore, making it possible to reduce the 
carbon loading in the final electrode without trading off conductivity and capacity. For example, in 
Nishide’s work,22 nitroxide radical polymer electrode with only 10 wt% addition of SWCNTs gave 
no significant capacity loss when charge/discharge rate increased from 1 to 30 C. 
 Moreover, with the adoption of the Ketjenblack102, rGO105-106 or SWCNT76  in the composite, 
a two-electron redox (TEMPO-/TEMPO and TEMPO/TEMPO+) of  the nitroxide radical polymer 
was obtained thus doubling the final capacity of the electrode compared to SP based electrode, of 
which only reversible oxidation (TEMPO+/TEMPO) provides capacity. This two-electron redox 
phenomenon could result from the perfect contact between polymer/Ketjenblack or polymer/nano-
carbon increasing the electron transfer efficiency during the reduction of the nitroxide radical polymer 
and the porosity SWCNT structure facilitating counter ion migration during charge/discharge.  
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Table 1-2. Properties of different conductive carbon black. 
Carbon black type BET SSA (m2/g)a OAN (mL DBP/100g)b Conductivity  Dispersibility Purity 
Furnance  Black (P-type) 120 medium 102 low * * * 
ENSACOtm 150G 50 low 165 medium ** *** ** 
SUPER TM S 45 low 280 high **** **** ** 
ENSACOTM 120G 55 low 155 medium ** *** ** 
Acetylene black 80 low 250 high ** *** **** 
Furnance  Black (N-472) 250 high 180 high *** ** * 
ENSACOTM (250 G) 65 low 190 high *** *** **** 
SUPER TM P 60 low 290 high **** ***** **** 
ENSACOTM (260 G) 70 low 190 high **** *** **** 
Ketjenblack (EC300) 800 very high 320 very high ***** * *** 
Ketjenblack (EC600) 1270 super high 495 very high ****** * *** 
a). The specific surface area of solids is based on the Brunauer–Emmett–Teller method; b). OAN, oil absorption number,  
DBP dibutyl phthalate. 
Besides the intrinsic properties such as conductivity, specific surface area of the nano-carbons, 
the interface morphology has also been proved an important factor that greatly affects the charge 
transfer resistance on the nitroxide radical polymer/carbon interface76, 104 and further the electrode 
performance.  For instance, compared with physical blending of CNTs with nitroxide radical polymer, 
a polymer wrapped CNT array nano-structure reduced the charge transfer resistance from 500 Ω to 
100 Ω. 104 Similarly, an encapsulation of nitroxide radical polymer inside the large diameter SWCNTs 
can significantly reduce the charge transfer resistance to 283 Ω from physical blending 3716 Ω. It 
was explained that ion movement in a PTMA-impregnated SWCNTs electrode was improved from 
the general physical blending PTMA–SWCNTs composite. 76 Furthermore, comparing with general 
physical blending PTMA–SWCNT composite, PTMA-impregnated CNT electrode attributes a higher 
energy density because of a better charge/discharge plateau of the secondary electron process 
(TEMPO-/TEMPO) around 2.5V vs. Li+/Li corresponding to the reversible reduction of nitroxide 
radical in final polymer/CNT composite.76 This might be a result of an improved contactability 
between the polymer and nano-carbon phase after encapsulation. Overall, conductive carbon 
additives with different intrinsic properties and the structure of the polymer/carbon interface have 
significant impacts on the electrochemical performance of the final nitroxide radical polymer base 
electrode. 
 
1.3.1.5 Preparation strategies for nitroxide radical polymer/carbon composite 
To prepare a polymer/carbon composite for the electrode application, the polymer should be 
well mixed with conductive carbons to reach a good dispersion, thus reducing the charge transfer 
resistance. To get an evenly dispersed nitroxide radical polymer/carbon material, a most common 
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method is the physical grinding (manual grinding, ball milling, etc.) of polymers together with carbon 
additives in N-Methyl-2-pyrrolidone (NMP) to form a slurry. However, the physical blending cannot 
reach a molecular level dispersion and often results in polymer dissolution during the cycle test of the 
final electrode composite. Therefore, lots of different strategies apart from physical blending have 
been explored, which can be classified into two different categories, namely covalent linking and 
non-covalent linking strategies.  
Covalent linking  
Surface Graft Strategy. In order to prevent the dissolution of radical polymers from the 
electrode into the organic electrolyte, covalently immobilizing the radical polymer chains onto the 
surface of conductive carbon or even directly onto current collector is a common strategy. In this 
context, surface-initiated ATRP (SI-ATRP) has been widely used for the synthesis of radical polymer 
brushes on the spherical or flat surfaces via grafting from method.57, 107 Recently, Huang group105 
reported a PTMA functionalized graphene oxide as the lithium cathode, which was synthesized by 
first functionalization of the GO with activated Br group following a graft of M40 via ATRP method 
(Figure 1-35). This surface grafting immobilization strategy greatly reduced the dissolution of the 
PTMA and achieved a molecular dispersion of the polymer within the carbon phase. Thus, an 
excellent C-Rate performance (50% capacity retain at 20A/g) and cycle stability (no significant 
capacity decay after 250 cycles) were obtained in the following battery test.  
 
Figure 1-35. Preparation of PTMA-functionalized graphene sheets. Reproduced from Ref.105 with permission from 
American Chemical Society. 
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Except for the carbon-based covalent modification, the nitroxide radical polymers can also be 
directly covalently linked to the current collector surface. Lee and co-workers108 reported a series of 
work on SI-ATRP of monomer M40 from patterned surface followed by oxidation, resulting in the 
formation of radical polymer brushes. In particular, radical polymers grafted ITO-coated PET film 
was flexible and transparent, which has potential applications in fabrication of flexible electronic 
devices (Figure 1-36a). Later, they grafted radical polymer brushes from ITO-coated glass plate using 
a similar strategy (Figure 1-36b).57 These grafted radical polymer brushes avoided the electrode 
materials dissolving into the electrolyte solution, and thus improved the electrochemical stability 
when used as an ORP battery.  
 
Figure 1-36. Synthesis of surface grafting nitroxide radical polymers through SI-ATRP of M40 from (a) ITO-coated PET 
and (b) SiO2 NP or ITO-coated glass as electrodes. Reproduced from ref. 108 and 57with permission from Royal Society 
of Chemistry. 
Surface Reaction Strategy. In addition to the surface initiated polymerization, nitroxide 
radical small molecules are also available for covalent surface modification. In Du’s work, the 4-
hydroxyl-TEMPO was functionalized onto the GO surface via substitution after converting the 
carboxylic groups on graphene oxide surface to acyl chloride.109 The electrochemical tests showed 
that the covalent bond modification could efficiently avoid the dissolution of the small molecule 
nitroxide radical into the electrolyte. 
Though the covalent modification is an effective way to prevent the dissolution of nitroxide 
radical materials and enhance dispersion of nitroxide radical polymers within conductive carbons, it 
still bearings some disadvantages. First is that covalent linking strategy usually requires 
functionalization of carbon or current collector surfaces, which is complex and low efficient. Also, 
introducing functional groups onto the surface reduces the conductivity of the carbon material. 
Moreover, limited by the functional group density on the surface, the nitroxide radical or its polymer 
loading content after modification in the final composite is quite low, which dramatically lowers 
down the capacity of the final electrode. 
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Non-covalent linking  
Compared with the covalent linking modification, the noncovalent modification is more 
straightforward in practice, since no modification on the carbon phase is required.  
Cross-linked Polymer Trapping Carbon Strategy. In Vlad’s report, the acetylene black 
encapsulated PTMA gel was synthesized via TMPM melt polymerization with in situly added carbon 
and 10 mol% cross-linker (Figure 1-37).110 At the melt state, the monomer TMPM can well disperse 
the acetylene black, thus providing a good dispersion between the polymer/carbon phases after in-
situ polymerization and further oxidation. Electrochemical results showed that only10 wt% of carbon 
addition was enough to attain a considerable conductivity 8.62 x 10-6 Scm-1 and presented good C-
rate capability (50% capacity retention from 1C to 10C). Besides, the crosslinking of PTMA 
significantly prevented the polymer dissolution; the final electrode only had around 8.3% capacity 
decay after 1200 cycles.  
 
Figure 1-37. Schematic representation of the solvent-free melt-polymerization of 2,2,6,6-tetramethylpiperidine-4-ol 
methacrylate with in situ incorporated carbon and crosslinker. Reproduced from Ref. 110 with permission from Wiley-
VCH. 
Other than the in-situ polymerization crosslinking strategy, a post-crosslinking CNT 
encapsulation had also been proved effective to form a homogeneous single-wall carbon nanotube 
buried polymer gel. 22 In Sukegawa’s work22, a hydrophilic crosslinked nitroxide radical gel was first 
synthesized via copolymerization of 4-glycidol TEMPO (M2) and crosslinker (Figure 1-38a). Then 
the SWCNT was highly dispersed into the gel framework with the help of sonication in chloroform. 
The high dispersity of SWCNT inside the gel network suggested a good affinity of CNT to the 
nitroxide radical polymer (P2) (Figure 1-38b). Results showed that only 10 wt% SWCNT in the final 
composite was enough to give a conductivity 42 mS.cm-1. And no significant capacity drop was seen, 
when the charge/discharge rate increased from 10 to 30C.  
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Figure 1-38. (a) Anionic ring-opening copolymerization of 4-glycidyloxy TEMPO and 1,4-butanediol diglycidyl ether. 
(b) schematic representation for charge transportation in the polymer/SWCNT composite layer swelling the electrolyte 
solution. Reproduced from Ref. 22 with permission from Royal Society of Chemistry. 
Polymer Wrapping CNT Strategy. Except trapping the conductive carbons inside the 
crosslinked polymer network, using the intrinsic affinity between the nitroxide radical polymer and 
CNTs to form polymer wrapped CNT nanostructure was also reported. In Choi’s study,111 a PTMA 
wrapped SWCNT (Figure 1-39a) was made through adding well-dispersed SWCNT into the PTMA 
solution in o-dichlorobenzene. Wrapping of SWCNT with PTMA polymer greatly prevented the 
aggregation of the SWCNT in the organic solvent and improved the conductivity of the final 
polymer/CNT composite. Because of the high specific surface area of the SWCNT and the perfect 
polymer/CNTs contact, the final electrode composite with only 4 wt% of SWCNT presented a good 
conductivity (10-4 S.cm-1) and rate capability (no significant capacity loss from 1 to 30C). Similarly, 
Lin and co-workers tried to deposit the PTMA onto the vertically aligned carbon nanotubes (VA-
CNTs) to improve its electrode performance.104 Briefly, the VA-CNTs was firstly synthesized via 
chemical vapor deposition, to which PTMA polymer was coated in solution (Figure 1-39b). The 
electrode tests implied that the PTMA wrapped VA-CNT strategy could reduce the electron transfer 
resistance on the polymer/carbon interface and improve its C-rate performance.  
(a) (b)
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Figure 1-39. (a)TEM image of the PTMA-wrapped SWNT; (b). demo of PTMA/CNT-array. Reproduced from Ref. 111 
and Ref.104 with permission from Wiley-VCH and Royal Society of Chemistry, respectively. 
CNT Encapsulation Strategy. Another successful non-covalent strategy to fix the nitroxide 
radical polymer is to encapsulate the polymers inside the SWCNTs with large diameter (average 
diameter 120 nm) (Figure 1-40). Kim group76 had successfully prepared a PTMA-impregnated CNT 
material composed of 68 wt% PTMA and 32 wt% CNT using a dissolution-diffusion-washing 
process. The narrow vacant spaces in the center of the SWCNTs can trap PTMA, preventing the 
dissolution of the active nitroxide radical polymer, self-discharge, and the formation of an insulating 
PTMA layer on the surface of SWCNTs. Furthermore, the porous CNT grid could facilitate fast ion 
diffusion by allowing the electrolyte to penetrate the electrode easily. Besides, the encapsulating 
strategy also ensured a perfect contact between the polymer/carbon phases and an elevated local 
radical density. All these unique properties of the PTMA encapsulated SWCNT composite resulted 
in a perfect electrochemical performance. When tested as the cathode of sodium-ion batteries, two-
electron energy storage was obtained with two visible discharge plateaus at 3.5V and 2.0 V 
respectively, which are corresponding to TEMPO+/TEMPO and TEMPO/TEMPO- redox pairs. The 
C-rate and cycling tests showed the final composite was quite stable. After 100 charge/discharge 
cycles, no large capacity loss was seen. 
Current collector
(a) (b)
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Figure 1-40. Schematic illustration of the PTMA-impregnated CNT structure. Reproduced from Ref. 76 with permission 
from Royal Society of Chemistry. 
π-π Interaction Strategy. Hydrophobic π-π interactions are widely adopted for organic 
aromatic molecules or polymer adsorption onto carbon bases. For those nonaromatic small molecules 
and polymers, through incorporating a small amount of aromatic moieties such as pyrene onto the 
polymer chains, the π-π interaction driven adsorption can be set-up as well. Up to present, no nitroxide 
radical polymer/carbon composite driven by π-π interactions has been reported in the energy storage 
applications. However, Amit Das and co-workers112 demonstrated the efficacy of a pyrene-tethered 
TEMPO/CNT electrode as a catalyst for electrochemical alcohol oxidation, using both CV and bulk 
electrolysis methods. The use of a noncovalent immobilization method, arising from π-π stacking 
interactions between the pyrene fragment and MWCNTs on the electrode surface, allows for facile 
preparation of the functionalized electrode (Figure 1-41), which showed excellent electrocatalytic 
performance and stability in aqueous solution. The results imply that the hydrophobic π-π interactions 
might be an effective strategy in preparation of stable nitroxide radical polymer/carbon composite for 
energy storage applications.  
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Figure 1-41. (a) Synthesis of pyrene functionalized TEMPO; (b) representation of pyrene–TEMPO immobilized on the 
surface of CNTs. Reproduced from Ref. 112 with permission from Wiley-VCH. 
1.3.2 Other applications  
1.3.2.1 Application in the synthesis of a complex polymer architecture 
Reactions of stable organic radicals with short-lived radicals allow the synthesis and design 
of complex polymer architectures. Stable organic radicals, especially nitroxide radicals, are able to 
covalently couple (or trap) other transient carbon radicals to form alkoxyamine linkages; a process 
that becomes reversible at elevated temperatures.113 The reverse reaction at elevated temperatures to 
regenerate the nitroxide radical and carbon radical allows the transient radical to initiate 
polymerization of various monomers through the reversible activation-deactivation mechanism - 
known as NMP.114 Jia et al.20 used a linear poly(ethylene oxide) (PEO) with pendant TEMPO radicals 
P4 to graft styrene polymers (a grafting-from process) to produce a comb-like grafted polymer P60. 
The P4 polymer could then be cyclized to form a cyclic PEO with pendant TEMPO radicals P61, 
which was further used in the NMP of styrene to afford a sun-shaped grafted copolymer P62 (Figure 
1-42).115 It was found that P62 captured significantly more water-soluble dye molecules from the 
water to organic phase than linear P60, suggesting its potential use as sequestering analytes in waste 
water.116 
(a) (b)
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Figure 1-42. Synthesis of (a) comb-like P60 and (b) sun-shaped P62 PEO-g-PS through nitroxide mediated radical 
polymerization by using linear P4 and cyclic P61 TEMPO-containing PEO as macro-initiator, respectively. Reproduced 
from ref. 20 and 115 with permission from Wiley-VCH and American Chemical Society. 
Polymers synthesized through ATRP have halide (mostly bromine) chain-ends that can be 
reactivated by copper/ligand complexes. The removal of the halide end-group providing a carbon 
centered radical for the rapid coupling with nitroxide radicals to form a stable alkoxyamine linkage – 
denoted as atom transfer nitroxide radical coupling (ATNRC). If the nitroxide radicals are located on 
the polymer chain-end, then a near diffusion rate controlled coupling reaction proceeds to form a 
block copolymer. Fu et al.117 synthesized grafting copolymers through ATNRC reaction via a 
grafting-to process using nitroxide radical polymer P4.  Carbon centered radicals from PS-Br and 
poly(tert-butyl acrylate)-Br (PtBA-Br) synthesized via ATRP were firstly activated by CuBr and 
PMDETA in toluene at 80 oC in the presence of P4 to produce the grafted copolymers P60 and P63, 
respectively (Figure 1-43). Compared with the grafting-from method using pendant nitroxide groups 
via NMP, the ATNRC method was more versatile to make grafting polymers with different 
compositions.118  
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Figure 1-43. Synthesis of comb-like PEO-g-PS P60 and PEO-g-PtBA P63 through ATNRC reaction of P4 with PS-Br 
and PtBA-Br, respectively. Reproduced from ref. 117 with permission from American Chemical Society. 
Monteiro and Jia119-120 developed a more effective single electron transfer-nitroxide radical 
coupling (SET-NRC) by using Cu(I)Br/Me6TREN and DMSO as the activation system. Under these 
conditions, the disproportionation of Cu(I)Br species into nascent Cu(0) and Cu(II)Br2 was extremely 
fast, in which the Cu(0) can significantly increase halide transfer from the polymer halides to their 
corresponding incipient radicals. The polymer radicals rapidly coupled with the nitroxide radicals to 
form the alkoxyamine linkages.119-120 Based on the group’s previous work, Bell et al.121 designed a 
PS chain in which each chain-end containing two nitroxide radicals (P64). Through a one-pot 
orthogonal SET-NRC and CuAAC reactions, the 3rd generation of polymeric dendrimer P65 was 
prepared in 2 h at 25 oC (Figure 1-44). Compared with ATNRC, SET-NRC allowed the reactions 
proceeding at rather low temperature with short reaction time. The group further demonstrated the 
versatility of this rapid and efficient reaction through a rapid synthesis of a library of dendrimers.121-
124   
P4
P60
P63
Cu(I)Br, PMDETA, Toluene, 90 oC
PS-Br
PtBA-Br
PEO-g-PS
PEO-g-PtBA
P(EO-co-GTEMPO)
 45 
 
 
Figure 1-44. Synthesis of 3rd polymeric dendrimer P65 through the combination of SET-NRC and CuAAC reactions at 
25 oC by using multiple nitroxide radical core polymer P64. Reproduced from ref. 121  with permission from American 
Chemical Society. 
1.3.2.2 Catalyst for organic reactions 
The stable radicals particularly the nitroxide radicals and their derivatives showed special 
catalytic oxidation properties. Nitroxide radical mediated catalytic oxidation reactions have 
frequently been used in organic synthesis; in particular, converting alcohols to carbonyl 
compounds.125 Being an oxidation catalyst, this catalytic oxidation needs stoichiometric amounts of 
primary or terminal oxidants. There have been a few different oxidants used together with nitroxide 
radicals to form an oxidation system. One of the most commonly used oxidation conditions was firstly 
proposed by Anelli.126 Briefly, the nitroxide radical is readily converted to oxoammonium salt 
through single-electron oxidation by sodium hypochlorite (household bleach) together with a 
catalytic amount of sodium bromide. The oxoammonium salt converted the alcohol to the 
corresponding aldehyde, ketone and even carboxylic acid. In the meanwhile, the oxoammonium salt 
was reduced to hydroxylamine, which can be oxidized back into oxoammonium salt, completing the 
catalytic cycle (Figure 1-45).1 Nitroxide radicals play a key role as oxidation catalysts but the 
recycling of small molecule nitroxide radicals becomes problematic. Hence, researchers try to 
immobilize nitroxide radicals on polymer support or polymer chain to make the recycling much 
easier.127  
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Figure 1-45. Reaction mechanism of catalytic oxidation alcohol to corresponding carbonyl compounds by using TEMPO 
as catalyst and bleach as terminal oxidant. Reproduced from ref. 1 with permission from Royal Society of Chemistry. 
An early example reported by Miyazawa et al.128 used K3[Fe(CN)6] as the terminal oxidant 
and P44 (crosslinked PS backbone) as the polymer-supported catalyst. This system had limited 
success for the catalyzed oxidation of alcohol to carbonyl products. Oxidation of a commercially 
available Chimassorb® 944, which contains 2,2,6,6-tetramethylpiperidine units and is usually used 
as a light stabilizer for plastics, produced  TEMPO radicals oligomers P66 (Figure 1-46a).129  When 
P66 was used as a catalyst for the oxidation of different alcohols to ketones or aldehydes in a biphase 
system with NaOCl and KBr as co-catalyst, products with greater than 99% conversion and selectivity 
were obtained in 20 min. The catalyst P66 from this heterogeneous reaction was easily recovered by 
simple filtration. Eilbracht and co-workers130 reported both Desmodur (polyurethane) and 
polystyrene beads supported nitroxide radicals P67 and P68 (Figure 1-46b and c) as oxidation 
catalysts. These polymer-supported nitroxide radicals such as P67 were then used in a membrane 
reactor for continuous oxidation of alcohol to corresponding aldehyde or ketone. Polymer P67 
integrated into the continuously stirring membrane reactor increased the total turnover numbers from 
20 for a single batch to 452 for a membrane reactor. 
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Figure 1-46. Polymer-supported nitroxide radicals P66-P68 as catalysts for catalytic oxidation alcohol to corresponding 
carbonyl compounds, synthesized from commercial available functionalized polymers (a) Chimassorb® 944, (b) 
Desmodur, and (c) PS beads, respectively. Reproduced from ref. 129   and 130 with permission from the Royal society and 
Wiley-VCH, respectively.  
In addition, oxygen gas has also been used as terminal oxidant with some catalytic amount of 
metal ions such as Cu2+, Mn4+, etc. An example by Wang et al.56 has demonstrated that catalytic 
system consisting of nitroxide radical polymer P69 grafted SiO2, Cu(I)Cl and an oxygen flow 
exhibited quantitative oxidation efficiency of benzyl alcohol to benzaldehyde with ease catalyst 
recovery by simply centrifugation. This mechanism was first proposed by Semmelhack et al.131 in 
1984. It is assumed that four TEMPO radicals were oxidized to oxoammonium cation by Cu(II). Two 
oxoammonium cations then oxidized alcohol to corresponding carbonyl compound resulting in two 
hydroxylamine moieties. Another two oxoammonium cations together with two hydroxylamine 
moieties formed four original TEMPO radicals through the comproportionation reaction. At the same 
time, the reduced co-catalyst Cu(I) was simultaneously oxidized back to Cu(II) by oxygen as terminal 
oxidant. Though some catalytic amount of copper salt was involved, this method used cheap and 
clean oxygen as the terminal oxidant, which was less of an environmental concern to the bleach-based 
oxidation. 
The importance of nitroxide radicals mediated oxidation is also demonstrated by their 
extensive use in the cellulose oxidation modification. The lack of reactive groups and very 
hydrophilic surface of natural cellulose remain challenges for many industrial applications.132 
Oxidation of the cellulose surface to introduce aldehyde or carboxylic acid groups can largely 
improve their processability. Recent work by Pelton et al.133 demonstrated that the polyvinylamine 
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supported nitroxide radicals P70 catalyzed the oxidation of hydroxyl groups on the cellulose to 
aldehyde groups. The aldehyde groups can then react with amine groups from P70 to form Schiff 
base linkages allowing an enhanced adhesion between the cellulose fibers (Figure 1-47). Moreover, 
the attachment of P70 onto the cellulose further promoted the oxidation reaction of hydroxyl groups.  
 
Figure 1-47. Catalytic oxidation cellulose by polyvinylamine-supported nitroxide radicals P70 with enhanced oxidation 
efficiency through the formation of Schiff based. Reproduced from ref. 133 with permission from American Chemical 
Society. 
Nitroxide radicals have been widely used as oxidation catalysts in both laboratory studies such 
as synthesis of organic intermediates as well as in chemical industry such as the production of 
pharmaceutics, favors and fragrance, etc. Nitroxide radical polymer (i.e., polymer-supported 
TEMPO) materials are now commercially available from Aldrich or Merck as a recyclable and 
selective catalyst for oxidation of alcohols.  
 
1.3.2.3  MRI contrast agent 
Polymers with multiple radicals can act as contrast agents for magnetic resonance imaging 
(MRI). Spirocyclohexyl PROXYL radicals, for example, have been conjugated on the periphery of 
polypropylenimine dendrimer, P75 (Figure 1-48).134 The spirocyclohexyl groups slowed down the 
reduction rate by 20 fold compared to 3-carboxyl-PROXYL radical by antioxidants such as Vitamin 
C or enzyme and prolonging the circulation time in vivo. Dendrimers as contrast agents have proved 
to increase the 1H neighbor water relaxation. Moreover, the PEG chains on the surface provided both 
non-immunogenicity and aided water access for the radicals. This judicious molecular design with 
comprehensive considerations enhanced their effectiveness as MRI contrast agent. 
Cellulose Cellulose
+
(i) oxidation
(ii) Schiff base formation
P70
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Figure 1-48. Synthesis of nitroxide radical functionalized polypropylenimine dendrimer P75 as organic radical contrast 
agents for magnetic resonance imaging. Adapted from ref. 134 with permission from American Chemical Society. 
In other work, the spirocyclohexyl PROXYL radical and fluorescent molecules were 
integrated onto a branched-bottlebrush polymers. This radical polymer brushes can be realized as an 
MRI and fluorescence altering imaging with ascorbate as a switch in vivo. The fluorescence tag was 
surrounded by radicals known to quench the emission of the fluorophore135-136 and only allows MRI 
imaging. After a certain post-injection time, the nitroxide radicals were reduced to hydroxylamine 
enabling the fluorescence emission and consequent imaging.6 
 
 
 
 
 
 
 
 
 
P75
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1.4 Summary  
Synthetic strategies for stable radical polymers, especially nitroxide radical polymer, have 
been summarized into three different methods: (1) direct polymerization of stable radical monomer; 
(2) conversion from radical polymer precursors and (3) post-modification of functionalized polymer 
with small radical molecules. Each method has its advantages and disadvantages based upon the 
synthetic procedures. The practical implementation of these different strategies depends on the 
monomer structures as well as the targeting applications. Then, we discussed the application of 
nitroxide radical polymer focusing on the energy storage aspect. Based on previous studies, we 
explore the effects of the nitroxide monomer structure, polymer structures/architecture on its 
thermodynamic stability and electron transport kinetic aspects. Also, we present the possible impacts 
of the carbon additives and polymer/carbon composite fabrication strategies on the final electrode 
performance. Finally, some other applications of nitroxide radical polymers were briefly introduced. 
Profound insights into the structure-property relationship are vital to produce the next generation of 
ORPs through utilizing greater design and synthesis principles outlaid. 
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Chapter 2 Effect of heteroatom and functionality substitution on the oxidation 
potential of cyclic nitroxide radicals: role of electrostatics in electrochemistry 
During the past decades, numerous nitroxide radical structures have been synthesized and 
adopted in energy storage materials. Different nitroxide radical structures have different properties, 
such as redox potential, stability, radical density, etc. These properties strongly affect the battery 
performance after being fabricated into an electrode. Therefore, we were motivated to search for and 
synthesize nitroxide radical structures with high radical density per molecule, high redox potential 
and high stability. A high radical density provides a high theoretical capacity (mAh/g), a high redox 
potential provides a high voltage to the battery, and high stability ensures a good cyclability of the 
final electrodes. To date, no systematic experimentally and computationally studies have been carried 
out to determine the relationship between the nitroxide radical structure and its electrochemical 
properties. To achieve this objective, we synthesize a series of nitroxide radical structures to 
investigate the relationship between its structure and electrochemical properties (especially their 
redox potentials). This initial study will guide the rational design of nitroxide radical monomers with 
both a high radical density and redox potential.  
  
2.1 Introduction 
The nitroxide radicals have their inherent stability against dimerization and 
disproportionation as stated in the introduction. Also, the unpaired electron on nitroxide 
radicals imparts key characteristics of electron-spin and underpins their ability to undergo 
reversible redox reactions. In principle, any parameter that changes the electron distribution 
along the N-O bond of a nitroxide will change its physical and chemical properties; including 
the electron paramagnetic resonance (EPR) spectrum and its behavior in redox reactions. One 
of the key parameters of nitroxide radicals that is derived from EPR is the nitrogen hyperfine 
splitting constants (αN), while oxidation potential (Eox0) and reversibility are key features of 
their redox behavior. Given that nitroxide radicals often must be modified with various 
functionalities for use in specific applications,1-2 understanding the effects that functional and 
heteroatom substitutions have on electron spin and, more importantly, redox properties would 
be of great significance. 
Previous theoretical and experimental studies on the impact of chemical structure on 
the oxidation potentials of different types of nitroxide radicals have generally focussed on 
changes in ring size and strain.3-7 In particular, ring flexibility was found to be an important 
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factor in oxidation and reduction potentials as the cation, anion and radical prefer different 
degrees of planarity around the nitrogen atom, and attaining the optimal geometric 
rearrangement is hindered to varying extents by ring rigidity. It has been demonstrated that 
sterically shielding the radical center by introducing bulky groups on the carbon atoms 
adjacent to the nitrogen reduces chain flexibility8 and results in a longer radical lifetime.3-4, 9-
10 Modification of the α-methyl and/or ortho- or para-substituents has been shown to alter the 
redox potential through an electronic induction effect.11-12 Moreover, dipole forces were used 
by Billone and coworkers to rationalize substituent effects on hydroxylamine bond 
dissociation enthalpies.13 Although these studies have elucidated some of the effects of 
substitution on the chemistry of nitroxide radicals, there is still a lack of knowledge on the 
influence of both substituents and heteroatoms on nitroxide radical oxidation potentials. 
In this work, we have synthesized twenty nitroxide radicals, including four new 
structures (e, f, q and t) that have different functional substitutions and/or heteroatom 
insertions in their cyclic structures (Scheme 2-1). These compounds allow us to systematically 
investigate the influence of substitution and heteroatoms on both the oxidation properties and 
electron spin behavior. We also carried out complimentary computational studies to provide 
insight into how substituents can affect these oxidation potentials. In this way, we develop 
simple predictive relationships between the properties of the substituent and the resulting 
oxidation potential so that nitroxide radicals can be rationally designed for their desired 
applications. 
 
 
2.1.1 Aim of the chapter 
The aim of the chapter was to synthesize a series of different nitroxide radical structures and 
investigate the relationship between nitroxide radical structure and its redox potential. Furthermore,  
we  try to simulate the structure-redox potential relation of nitroxide radicals via computation method. 
Combing the experimental and theoretical calculations, we would like to give a solid conclusion on 
the effects of functional groups, heteroatoms and ring structures to the redox potential of nitroxide 
radicals, which could help in the design of nitroxide radical structures for different applications. 
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Scheme 2-1. Substituted and heterocyclic nitroxide radicals studied in this work. 
 
2.2  Experimental  
2.2.1 Materials 
        The following reagents and solvents were used as received: silica gel 60 (230-400 mesh) ATM 
(SDS), TLC plates (silica gel 60 F254), sodium chloride (Univar, 99.9%), sodium iodide (Sigma-
Aldrich, ACS reagent, ≥99.5%), lithium chloride (Sigma-Aldrich ,BioXtra, ≥99.0%), methanol 
(Univar,AR grade), sodium hydrogen carbonate (Merck, AR grade), hydrochloric acid (Vetec, AR, 
35-37%), sulfuric acid (Sigma-Aldrich, ACS reagent, 95.0-98.0%), acetic acid glacial (Merck, 100% 
anhydrous for analysis), sodium azide (Sigma-Aldrich, ReagentPlus®, ≥99.5%), sodium hydroxide 
pellets (Thermo Fisher Scientific, CertiFied AR 500g) n-hexane (Scharlau, 96%), acetonitrile (Lab-
Scan, HPLC grade), chloroform (CHCl3,Pronalys, 99%), dichloromethane (DCM, Labscan, AR 
grade), diethyl ether (Et2O,Pronalys, AR grade), tetrahydrofuran (THF, HPLC grade, Lichrosolv, 
99.8%), ethyl acetate (AR grade), toluene(HPLC, LABSCAN, 99.8%), dimethyl sulfoxide (DMSO, 
LABSCAN, 99.8%), petroleum spirit (Chem-supply Pty Ltd, 40-60°C AR), triethylamine (TEA, 
Fluka, purum), magnesium sulfate (Sigma-Aldrich, anhydrous, free-flowing, Redi-Dri™, reagent 
grade, ≥97%), potassium hydroxide (Sigma-Aldrich, ≥85% KOH basis, pellets, white hydrogen 
peroxide) 30% w/w (Univar, AR grade), sodium hydride (Aldrich, 60 wt% in mineral oil), N,N’-
dicyclohexylcarbodiimide (DCC, Aldrich, 99%), 4-(dimethylamino)pyridine (DMAP, Aldrich, 
(a)
(h)
(o) (p) (q) (r) (s) (t)
(n)(m)(l)(k)(j)(i)
(b) (c) (d) (e) (f) (g)
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>99%), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC·HCl, Aldrich, 97%), 
propargyl bromide (Aldrich, 80 wt % in toluene), 2,2,6,6-tetramethyl-4-piperidone (Aldrich, 95%), 
4-vinylbenzyl chloride (Aldrich, 90%), p-toluenesulfonyl chloride(Aldrich, ≥98%), potassium 
carbonate (Sigma-Aldrich, anhydrous, ACS reagent, ≥99%), ethylenediaminetetraacetic acid (Sigma-
Aldrich, ACS reagent, 99.4-100.6%, powder), sodium borohydride (Aldrich, purum p.a., ≥96%), 
sodium tungstate dihydrate (Sigma-Aldrich, ACS reagent, ≥99%), hydroxylamine hydrochloride 
(Sigma-Aldrich, ACS reagent, 98.0%), tetrabromomethane (Aldrich, ReagentPlus®, 99%), 
triphenylphosphine (Sigma-Aldrich, ReagentPlus®, ≥98.5%), bromine (Sigma-Aldrich, reagent 
grade), 2-amino-2-methyl-1-propanol (Sigma-Aldrich, BioXtra, ≥95%), 3-chloroperbenzoic acid 
(Aldrich, ≤77%), lithium aluminum hydride  (Aldrich, green alternative powder, reagent grade, 95%), 
p-toluenesulfonyl chloride (Sigma-Aldrich, reagent grade, ≥98%), 2,2,6,6-tetramethylpiperidiyl-1-
oxyl (TEMPO) and 4-carboxyl-2,2,6,6-tetramethylpiperidiyl-1-oxyl (4-carboxyl-TEMPO) (Aldrich) 
were used as received. 
2.2.2 Synthetic procedures 
2.2.2.1 Synthesis of 4-substituted TEMPO radicals 
4-oxo-TEMPO (a). Synthesis of (a) was carried out according to the reported procedure with 
modification. Briefly, 2, 2, 6, 6-tetramethylpiperidone (1) 6.0 g (3.87 x 10-2 mol), EDTA 0.13 g (4.45 
x 10-4 mol), and sodium tungstate dihydrate 1.8 g (5.46 x 10-3 mol) were added to 200 ml 
methanol/water (1/1, v/v) with stirring and cooling in an ice-water bath. Then 18 mL H2O2 (30 wt %) 
was added dropwise to the mixture. The mixture was kept stirring at room temperature overnight, 
after which the color turned to red. The resulting mixture was then condensed under reduced pressure 
to remove methanol, and the rest was extracted with diethyl ether (3 x 100 mL). The organic phase 
was collected, dried over MgSO4 and filtered. The filtrate was concentrated. The crude product was 
purified by column chromatography (silica gel) using DCM/MeOH mixture (95/5, v/v) as the eluent.  
Finally, 5.45 g orange solid nitroxide radical (a) was obtained with a yield of 82.2%. Rf=0.68 
(DCM/MeOH, 95/5, v/v). ESI-MS: Cald. (C9H16NO2+H+) 171.13; Found 171.18. IR νmax/cm-1:1380, 
1650, 2970. Elemental Analysis: Cald. C, 63.5; H, 9.47; N, 8.23; O, 18.80; Found: C, 63.16; H, 9.24; 
N, 8.44; O, 19.16%. 
1-hydroxy-2, 2, 6, 6-tetramethylpiperidin-4-one oxime (c) To a 50 mL round bottom flask, 
nitroxide radical (a) 2.0 g (1.18 x 10-2 mol) was dissolved in  10 mL water with a few drops of 
methanol to increase the solubility. In another flask, NH2OH.HCl 0.69 g (1.0 x 10-2 mol) was pre-
neutralized with NaOH 0.4 g (1.0 x 10-2 mol) in10 mL water. Then, neutralized NH2OH solution was 
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dropped to the solution of (a) in 10 mins. As the reaction proceeds, some orange solid precipitated 
out.  The reaction was stirred at room temperature for 1 h, and checked by TLC to monitor full 
conversion of reactant (a). The orange solid product c (1.63 g) was filtered out from the resulting 
mixture, washed with deionized water (3 x 20 mL) and dried under high vacuum overnight. Yield: 
74.7% Rf=0.50 (DCM/MeOH, 90/10, v/v). ESI-MS: Cald. (C9H17N2O2+H+) 186.14; Found 186.28. 
IR νmax/cm-1: 1134, 1234, 1658, 2976, 3329. Elemental Analysis: C, 58.35; H, 9.25; N, 15.12; O, 
17.27; Found: C, 58.39; H, 9.27; N, 14.74; O, 17.60%. 
Synthesis of functional nitroxide radicals (d-f) 
4-oxiranyl-TEMPO (d) To a two-neck 100 mL round bottom flask equipped with a magnetic stirrer 
and Ar flow, sodium hydride (60 % dispersion in mineral oil) 0.8 g (2 x 10-2 mol) was added, followed 
by 5 mL petroleum ether (40-60 oC) under argon protection. After stirring for a few minutes, the 
petroleum ether was removed by syringe. Subsequently, dry DMSO 10 mL was added to the flask via 
syringe and stirred for 30 min. Then 1.42 g (6.45 x 10-3 mol) trimethylsulfoxonium iodide was added 
proportionally via spatula with positive argon flowing. The mixture was stirred at room temperature 
for another 30 mins until no bubble produced. Finally, nitroxide radical (a) 1.0 g, (5.88 x 10-3 mol) 
was dissolved in 2 mL dry THF and added to the mixture via syringe during 20 mins. The reaction 
was left at room temperature for 4 h. The resulting mixture was diluted with Milli-Q water 100 mL 
and extracted with diethyl ether (3 x 50 mL). The extract was dried with MgSO4 and distilled under 
reduced pressure. Crude product was purified by column chromatography (silica gel) using 
EtOAc/Petroleum ether 40-60 oC (1/2, v/v) as the eluent.  0.6 g red solid radical (d) was obtained 
with a yield of 55.5%. Rf=0.72 (EtOAc/Petroleum ether 40-60 oC, 1/2, v/v). ESI-MS: Cald. 
(C10H18NO2+Na+) 207.12; found 207.18. IR νmax/cm-1: 1160, 1232, 1367, 1463, 2941, 3410. 
Elemental Analysis: C, 65.19; H, 9.85; N, 7.60; O, 17.37; Found: C, 65.37; H, 9.95; N, 7.56; O, 
17.12%. 
4-(hydroxymethyl)-2, 2, 6, 6-tetramethylpiperidin-4-ol-1-oxyl (e) 4-spiroepoxy-TEMPO (d) 2.55 
g (1.38 × 10-2 mol) was dissolved in 20 mL DMSO in a round bottom flask equipped with magnetic 
stirrer. Then 15% NaOH solution 8 mL was charged to the mixture in one portion. The hydrolysis 
was carried out at 60 oC over 16 h. The resulting mixture was diluted with 100 mL Milli-Q water and 
extracted with EtOAc (5 x 100 mL). The combined organic phase was dried over MgSO4, filtered 
and was concentrated under reduced pressure. The crude product was purified by column 
chromatography (silica gel) using EtOAc/Petroleum ether 40-60 oC (4/1, v/v) as the eluent. Finally, 
1.23 g red solid (e) was obtained with a yield of 44.9%. Rf=0.43 (EtOAc/Petroleum ether 40-60 oC, 
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4/1, v/v). ESI-MS: Cald. (C10H20NO3+Na+) 225.13; found 225.27. IR νmax/cm-1: 1043, 1091, 1172, 
1242, 1313, 1348, 2920, 3377, 3487. Elemental Analysis: C, 59.38; H, 9.97; N, 6.92; O, 23.73; Found: 
C, 60.56; H, 10.13; N, 6.65; O, 22.66%. 
7, 7, 9, 9-tetramethyl-1, 3-dioxa-8-azaspiro [4.5] decan-2-one-8-oxyl (f). Nitroxide radical (e) 0.95 
g (4.7 x 10-3 mol) was dissolved in 1.5 mL MDF in a 20 mL vial with magnetic stirrer. Then dimethyl 
carbonate 0.6 mL (7.12 x 10-3 mol) was added to the mixture followed with K2CO3 16 mg (1.16 x 10-
4 mol). The reaction was left at 80 oC overnight. After cooling down to room temperature, resulting 
mixture was diluted with 20 mL Milli-Q water and extracted with diethyl ether (3 x 30 mL). The 
organic phase was collected and dried with MgSO4. The crude product obtained after rotavapor was 
purified by column chromatography (silica gel) using EtOAc/petroleum ether 40-60 oC (3/1, v/v) as 
the eluent. Finally, 0.55 g pure red color product was obtained with a yield of 51.4%. Rf=0.77 
(EtOAc/Petroleum ether 40-60 oC, 3/1, v/v). ESI-MS: Cald. (C11H18NO4+Na+) 251.11; found 251.18. 
IR νmax/cm-1: 1060, 1097, 1164, 1240, 1778, 2972. Elemental Analysis: C, 57.88; H, 7.95; N, 6.14; 
O, 28.04; Found: C, 58.31; H, 8.01; N, 6.16; O, 27.52%. 
4-azido-2, 2, 6, 6-tetramethylpiperidin-1-oxyl (h). Nitroxide radical (g) 2.3 g (7.05 x 10-3 mol) was 
dissolved in 12 mL DMF, 4.6 g (7.07 x 10-2 mol) sodium azide was added. The mixture was heated 
to 50 oC for 72h. The solvent was removed by air flow and the residual was dissolved in water and 
extracted by diethyl ether. The ether phase was dried and concentrated. The crude product was 
purified by column chromatography (silica gel) using EtOAc/Petroleum ether 40-60 oC (1/8, v/v) as 
the eluent, Rf=0.24. Finally, 0.83 g pure red color product was obtained with a yield of 60%. ESI-MS: 
Cald. (C9H17N4O+Na+) 220.13, Found 220.24. Elemental Analysis: C, 54.80; H, 8.69; N, 28.40; O, 
8.11%; Found: C, 54.23; H, 8.76; N, 28.31; O, 8.7 %. 
4-bromo-2, 2, 6, 6-tetramethylpiperidin-1-oxyl (i). 4-hydroxyl-TEMPO (c) 1.72 g (1.00 x 10-2 mol) 
and CBr4 3.97 g (1.20 x 10-2 mol) was dissolved in 30 mL DCM in a 100 mL round bottom flask 
equipped with magnetic stirrer. Triphenylphosphine 3.67 g (1.40 x 10-2 mol) was added to the mixture 
proportionally via spatula during 30 mins.  Reaction was left at room temperature for overnight. The 
resulting mixture was then concentrated and purified by column chromatography (silica gel) using 
EtOAc/Petroleum ether 40-60 oC (1/3, v/v) as the eluent. Finally, 0.23 g pure red color product was 
obtained with a yield of 9.8%. Rf=0.88 (EtOAc/Petroleum ether 40-60 oC, 1/1, v/v). ESI-MS: Cald. 
(C9H17BrNO+Na+) 257.04, 259.04; Found 257.16, 259.17. IR νmax/cm-1: 638, 735, 1173, 1228, 1338, 
1466, 2925. Elemental Analysis: C, 45.97; H, 7.29; N, 5.96; Found: C, 46.66; H, 7.59; N, 5.99%. 
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4-iodo-2,2,6,6-tetramethylpiperidin-1-oxyl (j) 4-tosylate-TEMPO (g) 1.9 g (5.82 x 10-3 mol) and 
NaI 8.8 g (5.87 x 10-2 mol) was dissolved together in 70 mL acetone with magnetic stirring. The 
mixture was refluxed at 70 oC overnight. The resulting mixture was concentrated by reduced pressure 
distillation, which was then diluted with 30 mL water. The diluted solution was then extracted with 
EtOAc (3 x 50 mL). The extract was dried with MgSO4 and distilled to remove the solvent. The crude 
product was purified by column chromatography (silica gel) using EtOAc/Petroleum ether 40-60 oC 
(1/3, v/v) as the eluent. Finally, 0.5 g pure red color product was provided with a yield 30.5%. Rf=0.76 
(EtOAc/Petroleum ether 40-60 oC, 1/3, v/v). ESI-MS: Cald. (C9H17INO+H+) 283.04; found 283.16. 
IR νmax/cm-1: 717, 1169, 1204, 1464, 1718, 2938, 2974, 2992. Elemental Analysis: C, 38.31; H, 6.07; 
I, 44.98; N, 4.96; Found: C, 40.00; H, 6.28; N, 5.14 %.  
2.2.2.2  Synthesis of 5-membered pyrroline nitroxide radicals  
2, 2, 5, 5-tetramethyl-2,5-dihydro-1H-pyrrole-3-carboxamide-1-oxyl (n) With water cooling and 
vigorous stirring, triacetoneamine (1) 17.6 g (1.14 x 10-1 mol) was dissolved in 70 mL glacial acetic 
acid. A solution of bromine 36.0 g (2.25 x 10-1 mol) in 50 mL glacial acetic acid was dropped to the 
mixture during 30 mins. Then the mixture was left at room temperature stirring for overnight, during 
which, the color of the mixture gradually fades and some white precipitate formed (a mixture of 3,3-
dibromo-2,2,6,6-tetramethylpiperidin-4-one and 3,5-dibromo-2,2,6,6-tetramethylpiperidin-4-one). 
Subsequently, the precipitate was filtered; washed with acetic acid, water, and diethyl ether 
sequentially and successively. After drying under high vacuum, a white powder (3) 35.0 g was 
obtained with a yield of 98.8%. The second step was carried out with dissolving (3) 16.0 g (5.15 x 
10-2 mol) in 200 mL 28% aqueous ammonia under vigorous stirring. When the solution turns to 
transparent, potassium hydroxide pellet was added proportionally to saturate the solution and get 
some white precipitate of the amide. The white precipitate was pressed out on a Buchner funnel and 
dried under high vacuum. Finally, 2, 2, 5, 5-tetramethyl-2, 5-dihydro-1H-pyrrole-3-carboxamide (4) 
(6.5 g) was obtained with a yield of 75.06 %. Rf=0.2 (DCM/MeOH, 9/1, v/v). ESI-MS: Cald. 
(C9H16N2O+Na+) 191.12; found 191.10. 1H NMR (300 MHz, DMSO-d6) δ: 1.16 (6H, s), 1.27 (6H, 
s), 1.79 (1H, s), 6.32 (1H, s), 6.80 (1H, s), 7.33 (1H, s); 13C NMR (300 MHz, DMSO-d6) δ: 30.83, 
30.88, 63.14, 66.40, 142.04, 142.06 and 166.63.  
Oxidation of 4 to give nitroxide radical n was carried out in a similar procedure as a synthesis of a. 
Briefly, 2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrole-3-carboxamide (4) 5 g (2.97 x 10-2 mol) was 
dissolved in 100 mL water, together with sodium tungstate dihydrate 0.1 g (3.03 x 10-4 mol) and 
EDTA 0.1 g (3.42 x 10-4 mol). With ice-water cooling, H2O2 (30%) 5 ml was dropped to the mixture 
during five mins. The reaction was left at dark for overnight at room temperature. The yellow solid 
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was filtered and washed with 30 mL Milli-Q water. The rest filtrate was extracted with EtOAc (3 x 
100 mL). The organic phase was collected and dried with MgSO4. After evaporation and drying under 
high vac, total 2.3 g yellow product was obtained with a yield of 42.3%. Rf=0.45 (DCM/MeOH, 9/1, 
v/v). ESI-MS: Cald. (C9H15N2O2+Na+) 206.10; found 206.18. IR νmax/cm-1:1363, 1417, 1614, 1643, 
1683, 2976, 3172, 3371. Elemental Analysis: C, 59.00; H, 8.25; N, 15.29; O, 17.46; Found: C, 58.50; 
H, 8.21; N, 14.69; O, 18.60%. 
2, 2, 5, 5-tetramethyl-2, 5-dihydro-1H-pyrrole-3-carboxylic-1-oxyl (o) 2, 2, 5, 5-tetramethyl-2, 5-
dihydro-1H-pyrrole-3-carboxamide-1-oxyl (n) 2 g (1.09 x 10-2 mol) was charged to a 100 mL round 
bottom flask with 15% (w/w)  aqueous NaOH solution 50 mL. The mixture was heated to 95 oC for 
overnight to get a transparent yellow liquid. Then with ice cooling, resulting mixture was acidified 
with HCl (36% aqueous solution) until pH=4 and extracted with EtOAc (4 x 100 mL).  The organic 
phase was collected and dried with MgSO4. After evaporation and drying under high vac, total 1.9 g 
yellow product was obtained with a yield of 94.5%. Rf=0.37 (DCM/MeOH, 9/1, v/v). ESI-MS: Cald. 
(C9H14NO3+Na+) 207.09; found 207.25. IR νmax/cm-1: 1630, 1709, 2983, 3093, 3203. Elemental 
Analysis: C, 58.68; H, 7.66; N, 7.60; O, 26.05; Found: C, 58.36; H, 8.16; N, 7.56; O, 25.91%. 
2.2.2.3 Synthesis of 6-membered and 7-membered heterocyclic nitroxide radicals 
4-oxyl-3, 3, 5, 5-tetramethylmorpholin-2-one (p) With magnetic stirring, 2-amino-2-methyl-1-
propanol 8.92 g (1.0 x 10-1 mol), CHCl3 12.50 mL (1.50 x 10-1 mol) and acetone 75 mL (1.02 mol) 
were added to a 500 mL three-necked round bottom flask. Under the Ar atmosphere, sodium 
hydroxide powder 20 g (5.00 x 10-1 mol) was added to the mixture proportionally with the temperature 
controlled below 5 oC. The resulting mixture was left at room temperature for overnight. The obtained 
slurry was then filtered on a frit and washed with acetone 100 mL and methanol 200 mL respectively. 
The filtrates were combined and concentrated under reduced pressure distillation. After further dried 
under high vacuum an amorphous white crude solid was obtained, to which a concentrated solution 
of hydrogen chloric acid 120 mL was added. The solution was refluxed at 105 oC for 6h, resulting 
dark yellow solution was cooled in an ice-water bath and neutralized with sodium bicarbonate. The 
aqueous solution was subsequently extracted by DCM (3 x 200 mL). The DCM phase was collected 
and dried over MgSO4 and filtered. The filtrate was concentrated to give a yellow oil crude product, 
which was purified by distillation under high vacuum. The purified product 3, 3, 5, 5-
tetramethylmorpholin-2-one (8) was a colorless transparent liquid (11.31 g, yield: 71.9%). Rf=0.62 
(DCM/MeOH, 9/1, v/v). ESI-MS: Cald. (C8H15NO2+H+) 158.12; found 157.99. 1H NMR (400 MHz, 
DMSO-d6) δ: 1.07 (6H, s) 1.29 (6H, s), 4.15 (2H, s); 13C NMR (100 MHz,) δ: 26.0, 30.7, 48.8, 
54.4, 78.0, and 175.3.  
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To a 250 mL round bottom flask equipped with a magnetic stirrer, 3, 3, 5, 5-tetramethylmorpholin-
2-one (8) 6.00 g (3.82 x 10-2 mol) was dissolved in 60 mL DCM. Simultaneously, mCPBA 13.12 g 
(7.60 x 10-2 mol) was dissolved in another vial with 60 mL DCM. With the temperature controlled 
under 0 oC in an ice-salt bath, mCPBA solution was added to the reactant via a pressure equalizing 
dropping funnel during 1 h. The reaction was kept at 0 oC for 5h and subsequently at room temperature 
overnight. The resulting mixture was then cooled down again in an ice-salt bath, the precipitated salt 
was filtered out and filtrated was washed with K2CO3/Na2SO3 solution 100 mL. After drying with 
MgSO4, DCM was removed to give a yellow liquid, which was further purified by column 
chromatography (silica gel) using DCM/MeOH mixture (DCM/MeOH, 95/5, v/v) as the eluent. The 
orange color product fraction was collected, concentrated and dried under high vacuum to give a 
bright orange solid (p) 5.50 g with a yield of 83.7%.  Rf=0.68 (EtOAc/Petroleum ether 40-60 oC, 1/1, 
v/v). ESI-MS: Cald. (C8H14NO3+Na+) 195.09; found 195.08. IR νmax/cm-1: 1363, 1419, 1643, 1685, 
2977, 3172, 3367. Elemental Analysis: C, 55.80; H, 8.19; N, 8.13; O, 27.87; Found: C, 55.96; H, 
8.22; N, 8.07; O, 27.75%. 
3, 3, 5, 5-tetramethylmorpholine-2-ol-4-oxyl (q) 2, 2, 4, 4-tetramethyl-1, 3-oxazinan-6-one-3-oxyl 
(p) 0.10 g (5.81 x 10-4 mol) and LiCl 0.01 g (2.36 x 10-4 mol) dissolved in H2O/MeOH (5/1, v/v) 
mixture 6 mL under magnetic stirring.  Then NaBH4 0.07 g (1.85 x 10-3 mol) was added to the mixture 
proportionally. Bubbles formed and the color of the mixture changed to dark red immediately with 
addition of NaBH4. The reaction was left at room temperature for 30 mins. The resulting solution was 
diluted with 20 mL Milli-Q water and extracted with EtOAc (3 x 20 mL). The organic phase was 
collected and dried over MgSO4, filtered. The filtrate was concentrated and dried under high vacuum, 
a pure orange color solid (q) 0.07 g was obtained with a yield of 69.3%. Rf=0.5 (EtOAc/Petroleum 
ether 40-60 oC, 3/1, v/v). ESI-MS: Cald. (C8H16NO3+Na+) 197.10; found 197.13. IR νmax/cm-1: 678, 
1041, 1627, 1708, 2983, 3095. Elemental Analysis: C, 55.15; H, 9.26; N, 8.04; O, 27.55; Found: C, 
53.85; H, 9.21; N, 7.80; O, 29.14 %. 
3, 3, 5, 5-tetramethylmorpholine-4-oxyl (r) With ice-water cooling, lithium aluminum hydride 
0.97g (2.56 x 10-2 mol) was suspended in dry diethyl ether 60 mL in a round bottom flask equipped 
with magnetic stirrer within argon atmosphere. Then 3, 3, 5, 5-tetramethylmorpholin-2-one (8) 2.0 g 
(1.27 x 10-2 mol) was slowly added to the suspension via syringe. After ten minutes, the ice-water 
bath was removed and the reaction was left at room temperature for another 20 mins. Subsequently, 
refluxed at 60 oC for 3h. After cooling down to room temperature, 1 mL H2O, 1 mL 15% NaOH 
solution and 3 mL H2O was added sequentially to quench the reaction. The white salt formed was 
filtered to provide transparent filtrate, which was concentrated to afford a white solid product (9) 1.35 
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g with a yield of 66.0%. The product was used for next step without further purification. ESI-MS: 
Cald. (C8H19NO2+H+) 162.15; Found 162.18. 1H NMR (400 MHz, CDCl3) δ: 1.15 (12H, s), 3.27 (4H, 
s); 13C NMR (100 MHz, CDCl3) δ: 27.0, 54.8, and 71.2. 
Product (9) 0.2 g (1.24 x 10-3 mol) was added to a 50 mL round bottom flask fitted with a reflux 
condenser. Then H2SO4 (98 %) 3 mL was added. The reaction mixture was heated to 140 oC for 
overnight to provide a black liquid. The resulting mixture was then poured to 20 mL ice in a 250 mL 
beaker and basified with 50% aqueous KOH. Subsequently, the mixture was extracted with diethyl 
ether (4 x 50 mL). The organic phase was collected, dried with MgSO4, and concentrated to give a 
pale yellow liquid 3,3,5,5-tetramethylmorpholine (10) 0.12 with a yield of 67.8%. Rf=0.65 
(DCM/MeOH, 9/1, v/v). ESI-MS: Cald. (C8H17NO+H+) 144.14; found 144.02. 1H NMR (400 MHz, 
CDCl3) δ: 1.13 (12H, s), 3.31 (4H, s); 13C NMR (100 MHz, CDCl3) δ: 28.2, 48.7, and 77.6. 
To a 20 mL vial equipped with a magnetic stirrer, 3,3,5,5-tetramethylmorpholine (10) 0.12 g (8.39 x 
10-4 mol), sodium tungstate dihydrate 0.028 g (8.49 x 10-5 mol) and EDTA 0.002 g (6.84 x 10-6 mol) 
were dissolved in water/methanol mixture (1/2, v/v) 3 mL. Then hydrogen peroxide (30% wt %) 150 
μL was dropped to the mixture via a pipette. The reaction was left at room temperature for overnight. 
Resulting mixture was then diluted with 3 mL H2O and extracted with diethyl ether (3 x 10 mL), 
organic phase was collected and dried over MgSO4, the solvent of which was subsequently removed 
under reduced pressure distillation. The crude product obtained was then purified by column 
chromatography (silica gel) using DCM/MeOH mixture (9/1, v/v) as the eluent. The yellow product 
fraction with Rf=0.71 was collected, concentrated. A red liquid product (r) 84 mg was obtained with 
a yield of 63.6%. ESI-MS: Cald. (C8H16NO2+Na+) 181.11; Found 180.99.  
2, 2, 7, 7-tetramethyl-1, 4-diazepan-5-one (5) First, triacetoneamine (1) 3.1 g (2.0 x 10-2 mol) was 
dissolved in 50 mL hydrochloride acid (36 %) with magnetic stirrer. Sodium azide 1.64 g (2.52 x 10-
2 mol) was added in small proportions during 20 mins, while keeping temperature below 35 oC. The 
mixture was left stirring at the room temperature overnight. The resulting solution was concentrated 
under airflow, and neutralized with saturated sodium carbonate solution in an ice-water bath, which 
was then further saturated with sodium hydroxide. The resulting basified solution was then extracted 
by EtOAc (3 x 100 mL). The organic phase was collected and dried over MgSO4, filtered. The filtrate 
was concentrated to give 1.8 g of pale yellow solid crude product with yield 52.9%. Rf=0.35 
(DCM/MeOH, 9/1, v/v). ESI-MS: Cald. (C9H18N2O+H+) 171.15; found 171.31. 1H NMR (300 MHz, 
DMSO-d6) δ: 1.02 (6H, s) 1.09 (6H, s), 1.62 (1H, s), 2.39 (2H, s), 2.96 (2H, d, J=6 Hz), 7.52 (1H, 
s); 13C NMR (75 MHz, DMSO-d6) δ: 29.0, 31.8, 50.3, 50.5, 52.7, 52.8, and 174.6.  
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2, 2, 7, 7-tetramethyl-5-homopiperazinone-1-oxyl (s) To a 250 mL round bottom flask equipped 
with a magnetic stir bar, 2,2,7,7-tetramethyl-1,4-diazepan-5-one (5) 2.5 g (1.47 x 10-2 mol), Sodium 
tungstate 0.66 g (2.0 x 10-3 mol) and EDTA 0.04 g (1.37 x 10-4 mol) were dissolved in 20 mL water. 
Then hydrogen peroxide (30% wt %) 8 mL (5.40 x 10-2 mol) was added dropwise to the mixture via 
a pressure equalizing dropping funnel. The resulting mixture turns to red gradually. After overnight 
reaction, the mixture was extracted with EtOAc (3 x 50 mL). Organic phase was collected, dried over 
MgSO4 and filtered. The filtrate was concentrated and the crude product obtained was purified by 
column chromatography (silica gel) using DCM/MeOH mixture (9/1, v/v) as the eluent. The red 
product fraction at a Rf=0.55 was collected, concentrated and dried under vacuum. A red solid 1.65 
g was obtained with a yield of 60.7%. ESI-MS: Cald. (C9H17N2O2+Na+) 208.12; found 208.19. IR 
νmax/cm-1: 1180, 1220, 1290, 1690, 2970, 3320. Elementary Analysis: C, 58.35; H, 9.25; N, 15.12; O, 
17.27; Found: C, 58.17; H, 9.23; N, 14.98; O, 17.62 %. 
3, 3, 5, 5-tetramethyl-1-tosyl-1,4-diazepane (7) With magnetic stirring, LiAlH4 0.50 g (1.32 x 10-2 
mol) was dispersed in 25 mL dry diethyl ether in a 50 mL round bottom flask in an ice-water bath. 
Then 2, 2, 7, 7-tetramethyl-1, 4-diazepan-5-one (5) 1.00 g (5.88 x 10-3 mol) was added to the mixture 
proportionally. Then the reaction was stirred for 10 mins at 0 oC, followed by refluxing at 60 oC for 
3 h. The mixture was cooled down and then sequentially quenched by 0.5 mL water, 0.5 mL 15% 
aqueous NaOH and 1.5 mL water. The white precipitate was filtered and the filtrate was dried over 
MgSO4. The filtrate was concentrated to give a yellow oil (6). The intermediate (6) was dissolved in 
30 mL DCM in a round bottom flask with magnetic stirring in an ice-water bath. Triethylamine 1 mL 
(7.17 x 10-3 mol) was added to the solution via syringe. After that, para-toluenesulfonyl chloride 1.12 
g (5.87 x 10-3 mol) was added to mixture proportionally. The reaction was left to gradually warm to 
room temperature and stirring overnight to give a turbidity mixture before being quenched with 20 
mL saturate K2CO3 solution. The DCM phase was collected, dried over MgSO4, and filtered. The 
filtrate was concentrated and dried under high vacuum to give a yellow oil. The crude product was 
purified via column chromatography (silica gel) using DCM/MeOH mixture (9/1, v/v) as the eluent. 
The product fraction with an Rf of 0.56 was collected, concentrated and dried under vacuum to give 
compound (7) as a pale yellow solid 0.62g with a total yield of 34.0%. ESI-MS: Cald. 
(C16H26N2O2S+H+) 311.18; found 311.20. 1H NMR (400 MHz, CDCl3)  δ: 1.15 (6H, s) 1.21 (6H, 
s), 1.80 (2H, t, J=5.88 Hz), 2.41 (3H, s), 3.11 ( 2H, s), 3.19 (2H, t, J=5.86 Hz), 7.29 (2H, d, J=8.28 
Hz), 7.64 (2H, d, J=8.46 Hz); 13C NMR (100 MHz, CDCl3) δ:21.5, 29.4, 31.4, 41.7, 45.6, 53.6, 55.1, 
59.2, 127.2, 129.7, 135.5, 143.2.  
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2, 2, 7, 7-tetramethyl-4-tosyl-1,4-diazepan-1-oxyl (t) To a 50 mL round bottom flask equipped with 
a magnetic stirrer, 3,3,5,5-tetramethyl-1,4-diazepan-1-yl 4-methylbenzenesulfonate (7) 0.20 g (6.43 
x 10-4 mol), sodium tungstate 0.02 g (6.06 s 10-5 mol) were dissolved in water/methanol mixture (1/1, 
v/v) 10 mL. Then hydrogen peroxide (30% wt %) 0.50 mL (3.37 x 10-3 mol) was added dropwise to 
the mixture. The reaction mixture turned to yellow gradually overnight. The mixture was then diluted 
with 20 mL water and extracted with EtOAc (3 x 20 mL), the organic phase was collected and dried 
over MgSO4. After filtration, the filtrate was concentrated to give the crude product, which was then 
purified by column chromatography (silica gel) using EtOAc/ Petroleum ether 40-60 oC mixture (1/1, 
v/v) as the eluent. The red product fraction at a Rf=0.74 was collected, concentrated and dried under 
vacuum. A red solid (0.14 g) was obtained with a yield of 67.0%. ESI-MS: Cald. (C16H25N2O3S+Na+) 
348.15; Found 348.11. IR νmax/cm-1: 579, 660, 746, 815, 860, 1157, 1334, 2977. Elemental Analysis: 
C, 59.05; H, 7.74; N, 8.61; Found: C, 59.44; H, 7.82; N, 8.45. 
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2.2.3 Analytical methodologies 
1H and 13C Nuclear Magnetic Resonance (NMR) Spectroscopy. 
All 1H and 13C Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker DRX 
400 MHz at 25 °C using an external lock (CDCl3 or DMSO-d6) and referenced to the residual non-
deuterated solvent (CHCl3 or DMSO) 
Electron Spray Ionization-mass spectra (ESI-MS). 
All the ESI-MS spectra were recorded on Waters LC-MS system with the condition setting as 
follows: the capillary voltage as 3.0 KV, extractor voltage 2.0 V, RF Lens 0.5 V, source temperature 
120 oC, desolvation temperature 200 oC, desolvation gas flow 500 L/hr, pump flow 20 µL/min.  
Sample concentration was 1-5 mg/mL in MeOH with tiny NaCl as the ion source, and the cone voltage 
was varied from 15 to 80V depending on the samples. 
Electron Paramagnetic Resonance (EPR). 
EPR spectra were recorded with a Bruker E540 spectrometer operating at X-band (~9.8 GHz) 
and using a Bruker ER4122SQE-W1 high sensitivity resonator. Samples were measured in a 1.5mm 
internal diameter capillary with the following instrumental parameters, microwave power = 0.635 
mW, modulation amplitude = 1 G. The spectra were processed using Bruker Xepr software. 
Attenuated Total Reflectance Fourier Transform Spectroscopy (ATR−FTIR)  
ATR-FTIR spectra were obtained using a diamond/ZnSe crystal ATR accessory on a Perkin-
Elmer 400 FT-IR/FT-FIR Spectrometer. Spectra were recorded between 4000 and 500 cm−1 by 
acquiring 24 scans at 4 cm−1 resolution with an OPD velocity of 0.2 cm s−1.Solids were pressed 
directly onto the diamond internal reflection element of the ATR without further sample preparation. 
Elemental Analysis (EA) 
Carbon, nitrogen and oxygen content was measured by dynamic flash combustion of the 
sample using a Flash 2000 Thermo Fisher organic elemental analyzer. 
Cyclic Voltammetry (CV) 
           The cyclic voltammetry (CV) measurements were performed on a potentiostat system (CHI-
760D) using a conventional three-electrode cell at 25 oC. A glassy carbon electrode was used as the 
working electrode and polished with 0.3 and 0.05 µm alumina slurry after each measurement. A 
coiled platinum wire and an Ag/AgNO3 electrode were used as the counter and the reference 
electrodes, respectively. The cyclic voltammograms were measured using 5 mM nitroxide radical 
solution in MeCN (with 0.1 M n-Bu4NPF6 as the electrolyte). The scan was carried out for three 
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cycles with a scan rate of 50 mV/s. For all the nitroxide radicals examined, redox waves of the three 
scans overlapped very well. Therefore only one scan was reported. The final reported potentials of 
all the nitroxide radicals were corrected by using ferrocene (Fc)/ferrocenium (Fc+) couple (5 mM) as 
a reference.   
Theoretical Methodology  
          Standard ab initio molecular orbital theory and density functional theory (DFT) calculations 
were carried out using Gaussian 0914 with the exception of CCSD(T) calculations, which were 
performed using Molpro 2015.15-16 Calculations were performed at a high level of theory, previously 
shown to reproduce experimental redox potentials for other nitroxide radicals.17-18 Geometries of all 
species were optimized at the M06-2X19 level of theory using the 6-31+G(d,p) basis set and 
frequencies, entropies and thermal corrections were also calculated at this level of theory. Improved 
single-point energies were calculated using the high-level composite ab initio G3(MP2,CC)(+) 
method, a variation of standard G3(MP2,CC)20 where calculations with the 6-31G(d) basis set are 
replaced with 6-31+G(d). These high-level calculations where utilized in conjunction with the 
ONIOM approximation21-22 for larger systems, with UMP2 used to model remote substituents effects. 
Solvation corrections were calculated using the polarizable continuum model (PCM)23 (as 
implemented in Gaussian 09). Natural charges were calculated in Gaussian software via its built-in 
Natural Bond Orbital population analysis24 at the M06-2X/6-31+G(d,p) level. A more detailed 
description of the computational methodology can be found in the Appendix A.             
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2.3 Results and discussion 
2.3.1 Synthesis results 
          Full synthesis and characterization are provided in the experimental part; a brief summary is 
presented here. The nitroxide radicals synthesized and studied in this work are listed in Scheme 2-1. 
Radical m was purchased from Aldrich and used as received. Synthesis of a-l started from the 
commercially available triacetoneamine (1) as illustrated in Scheme 2-2. Radicals (a-m) are TEMPO 
derivatives with different functionalities at the 4-position. Both 4-oxo- TEMPO (a) and 4-hydroxyl-
TEMPO (b) were synthesized according to the literature.25 Oxidation of (1) by hydrogen peroxide 
(30 wt %), sodium tungstate and EDTA, as previously reported, gave (a) with high yield (> 80%). 
However, the oxidation process needs to be carried out in a dilute solution ([1] ~ 0.1 M) with slow 
addition of hydrogen peroxide under ice water cooling to prevent over-oxidation and consequent 
decrease in the yield. 4-hydroxylamino-TEMPO (c) was synthesized in high yield (75%) through the 
reaction of (a) with hydroxylamine hydrochloride under basic conditions. 4-oxiranyl-TEMPO (d) was 
synthesized from (a) in the presence of sulfur ylide through a one-step Corey-Chaykovsky reaction.26 
Hydrolysis of (d) in potassium hydroxide DMSO/H2O solution (15 wt%) at 60 oC afforded the 
dihydroxyl functionalized nitroxide (e) in a 45% yield. Nitroxide (e) was further converted into a 
spirocyclic carbonate radical (f) through a transesterification with dimethyl carbonate, with an 
isolated yield of 51%. Nitroxide radical d and f are monomers and could be further polymerized 
through ring-opening polymerization, resulting in polyether or polycarbonate based nitroxide radical 
polymers. 4-Tosylate-TEMPO (g), 4-propargyl-TEMPO (k) and 4-acryloyl-TEMPO (l) were 
synthesized according to previous reports.27 4-Tosylate-TEMPO (g) was used to synthesize 4-azido-
TEMPO (h) and 4-iodo-TEMPO (j) through nucleophilic substitution with sodium azide and sodium 
iodide, respectively. 4-bromo-TEMPO (i) was synthesized through Appel bromination of 4-hydroxyl-
TEMPO (b) in the presence of PPh3/CBr4 and recovered in low yield (~ 10%).  
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Scheme 2-2. Synthesis of 4-substituted TEMPO radicals from triacetoneamine (1). 
 
Synthesis of the five-membered cyclic PROXYL radical n and o was achieved through a ring-
contraction reaction from triacetoneamine (1), as shown in Scheme 2-3. 1 was first brominated in 
acetic acid and gave a mixture of 3,3-dibromo (3a) and 3,5-dibromo (3b) substituted triacetoneamine, 
which was confirmed by 1H NMR showing two distinct peaks at 5.41 ppm and 4.35 ppm ascribed to 
the protons adjacent to the ketone (Figure 8-1). The ratio of 3a:3b was about 1:3 and the mixture (3) 
was converted without further purification to the same product (4) (Figure 8-2) through a Favorskii 
rearrangement in 28% aqueous ammonia with an isolated yield of 75%.  Oxidation of (4) afforded 
nitroxide radical (n) with a yield of 42%. Further hydrolysis of (n) produced the carboxylic acid 
functionalised nitroxide radical (o) with nearly quantitative yield (95%). Seven-membered 
heterocyclic nitroxide radicals (s and t) were synthesized through a ring-expansion reaction. 
Triacetoneamine was directly reacted with sodium azide in the presence of concentrate hydrochloric 
acid (36 wt%) (Caution: this forms highly toxic HN3, slow addition of NaN3 in a well-vented system 
is required) and formed a caprolactam with secondary amine (5) through a one-step Schmidt 
rearrangement with an isolated yield of 53%. Product 5 was first confirmed by NMR (Figure 8-3), 
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and further oxidized to the caprolactam nitroxide radicals (61%). Precursor 5 can also be reduced to 
6, in which the less sterically hindered secondary amine was tosylated to give 7 (34%; Figure 8-4). 
Oxidation of 7 produced nitroxide radical t with a yield of 67%. 
 
Scheme 2-3. Synthesis of 5-membered pyrroline and 7-membered heterocyclic nitroxide radicals through Favorskii ring-
contraction and Schmidt ring-expansion reactions, respectively. 
          Six-membered heterocyclic nitroxide radicals (p, q and r) were synthesized through Lai’s ring-
closure reaction starting with simple chemicals as illustrated in Scheme 2-4.28-29 Precursor 8 (Figure 
8-5) was oxidised to the valerolactone radical p with a yield of 84%, which can be further reduced to 
the hemiacetal radical q by NaBH4. Following successive reduction and ring-closure reactions of 8, 
the morpholine radical r was obtained after oxidation of 10 (Figure 8-6) with a yield of 66%.  
 
Scheme 2-4. Synthesis of 6-membered heterocyclic nitroxide radicals through ring closure reactions. 
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2.3.2 Electrochemical results  
          The oxidation potentials of nitroxide radicals play an important role when these 
compounds are used as alcohol oxidation catalysts, redox mediators for solar cells7 and 
electroactive materials for organic radical batteries.11, 30  In the latter case, a higher oxidation potential 
means a greater energy storage capacity. We, therefore, studied the oxidation potentials for all the 
synthesized nitroxide radicals by cyclic voltammetry (CV) using a three-electrode system with Fc/Fc+ 
as the reference (Fc: Ferrocene); the data are listed in Table 2-1. For previously studied nitroxide 
radicals, excellent agreement was observed between our oxidation potentials and those in the 
literature (see Table 8-1).4-5, 31 It was found that for all 4-substituted TEMPO derivatives (a-m), the 
redox reaction had a peak separation ΔEp between 94 and 131 mV. The cathodic and anodic currents 
were nearly the same as ipa/ipc were very close to 1.0, suggesting all 4-substituted nitroxide radicals 
underwent a reversible electrochemical oxidation reaction. The oxidation potentials for a-m varied 
from 230 to 410 mV with the highest oxidation potential of 410 mV for 4-oxo-TEMPO (a). 
Modification of 4-oxo-TEMPO (a) to 4-oxiranyl-TEMPO (d) then to 4-hydroxyl-4-hydroxymethyl-
TEMPO (e) resulted in significant decrease in the oxidation potential from 410 mV to 317 mV then 
to 230 mV (Figure 2-1A). Modification of 4-hydroxyl-TEMPO (b) (i.e., Eox0 = 284 mV) with bulky 
and electron-withdrawing subsitutents to give 4-spirocarbonate-TEMPO (f) or 4-tosyl-TEMPO (g) 
resulted in an increase in oxidation potentials to 389 and 387 mV, respectively (Figure 2-1B).  Other 
4-substituted TEMPO derivatives had oxidation potentials around 350 mV as listed in Table 2-1. 
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Table 2-1.Experimental and computational data for substituted and heterocyclic nitroxide radicals.a 
Nitroxide 
radical 
 Epab Epcb Eox0c ∆Epd 
ipa/ipc 
 
 E0Cald.e Natural 
Charge 
 on Oxygenf  
Dipole 
moment 
(D)g 
Quadrupole 
moment 
(DÅ)g 
 
αN (G)h 
(mV vs Fc/Fc+)    mV)  
TEMPO  298 170 234 128 1.00  - -0.4331  -0.1401 -0.0100  15.630 
a  468 352 410 116 1.01  450 -0.4262  3.3042 -2.3756  14.239 
b  346 222 284 124 1.04  231 -0.4295  0.2585 0.1100  15.205 
c  397 282 340 115 0.99  369 -0.4301  0.6338 2.5832  14.546 
d  374 260 317 114 0.99  278 -0.4268  0.4411 1.2577  15.191 
e  286 174 230 112 1.01  202 -0.4293  -0.2485 0.3842  15.132 
f  446 332 389 114 0.99  385 -0.4206  3.288 -2.1385  14.854 
g  448 325 387 123 0.99  437 -0.4267  4.0126 -16.2413  15.103 
h  411 297 354 114 0.99  316 -0.4258  2.1371 -0.9547  15.161 
i  419 325 372 94 0.99  385 -0.4251  2.5359 -1.0463  15.088 
j  400 303 352 97 1.00        15.308 
k  373 242 308 131 0.99  246 -0.4300  0.2442 -0.0657  15.161 
l  406 280 343 126 1.02  326 -0.4277  0.7214 2.9512  15.162 
m  377 253 315 124 0.99  342 -0.4278  0.9448 2.4111  15.206 
n  499 399 449 100 1.05  453 -0.4195  -0.1002 7.0033  14.209 
o  542 427 485 115 0.98  527 -0.4197  0.7268 4.4555  14.092 
p  692 580 636 112 1.02  700 -0.4157  4.6521 -1.1516  13.770 
q  359            15.030 
r  397 318 358 79 0.97  343 -0.4252  1.3241 -0.4108  15.073 
s  458            15.088 
t  339            14.810 
a Experiments were performed using 5 mM solution in MeCN (0.1M NH4PF6) degassed under nitrogen. Glassy Carbon 
working electrode, Platinum auxiliary electrode and non-aqueous Ag/AgNO3 reference electrode. Sweep rate is 100 mV·s-
1. b Epa and Epc were calibrated versus Fc/Fc+. c Eox0= (Epa+Epc)/2. d ∆EP=Epa-Epc. e Calculated at the G3(MP2,CC)(+)//M06-
2X/6-31+G(d,p) level of theory in conjunction with PCM solvation corrections, the values were corrected based on 
TEMPO (i.e., 234 mV)  (see Supporting Information for more details). f Based on M06-2X/6-31+G(d,p) calculations 
(taking a weighted average of nitroxide conformations). g  Based on M06-2X/6-31+G(d,p) calculations of the 
corresponding cyclohexyl derivative (see text, taking a weighted average of nitroxide radical and oxoammonium 
conformations). h The nitrogen hyperfine splitting constant (αN) were measured from ESR spectra. 1 mg/ml in methanol, 
X band, Attenuation 25Gd. 
          The δ-valerolactone nitroxide radical (p) possessed the highest oxidation potential of all 20 
nitroxide radicals tested, which at 636 mV was around 350 mV higher than the 4-hydroxyl-TEMPO 
b. In contrast, the morpholine nitroxide radical r had a potential of 358 mV, with only 80 mV higher 
than b. Reduction of p by NaBH4 produced hemiacetal nitroxide radical q and gave a low anodic 
potential Epa (359 mV) and an irreversible peak, which suggests a possible side reaction of the 
corresponding oxoammonium cation with the hemiacetal group and/or ring-opening and degradation 
of the radical. This indicates that 6-membered heterocyclic nitroxide radicals have very different 
oxidation behavior to 6-membered piperidine radicals (i.e., b). The 5-membered pyrroline nitroxide 
radicals, n and o, exhibited oxidation potentials of 449 and 485 mV (vs. Fc/Fc+), which were about 
100 to 200 mV greater than most of piperidine derivatives. This demonstrates the role of electrostatics 
(vide infra): the positive quadrupole of the aromatic pyrroline interacts unfavorably with the >N+=O 
cation, making it much harder to oxidize than TEMPO. Besides, the five-member ring nitroxide 
radicals n and o give a smaller peak current (~20 µA) than the six-member ring nitroxide radicals, 
which indicates five-member ring nitroxide radicals possessing a smaller diffusion coefficient value 
Do. The same reason resulted the amide functional nitroxide radical n gives a smaller peak current 
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than the carboxyl acid functional nitroxide radical o. The heterocyclic caprolactam (s) and 1,4-
diazepan (t) nitroxide radicals displayed irreversible oxidation, which suggests that the respective 7-
membered cyclic oxoammonium cations were unstable. Comparing s with t, electronegativity is again 
responsible for the lowering from 458 mV to 339 mV for nitroxide radicals s and t, respectively 
(Figure 2-1D). 
 
Figure 2-1. Cyclic voltammograms of functional and heteroatomic substituted nitroxide radicals 5 mM in acetonitrile 
with NH4PF6 vs. Fc/Fc+. 
2.3.3 Computational results 
          Since the oxidation potential of cyclic nitroxide radicals appears to be affected by a 
combination of electronic inductive effects, steric hindrance and ring size, we first compared the 
oxidation potentials for only the 4-substituted TEMPO derivatives (a-m), in which only the 4-position 
was functionalized with different substituents. By using empirical Hammett constants (i.e., σp for 
para-substitution) taken from the literature,32 we examined the correlation between σp and the 
respective oxidation potential of the nitroxide radical (see Table 2-2).  
          Most of the nitroxide radicals examined displayed a linear relationship between the σp values 
and their oxidation potential, consistent with the notion that electron-withdrawing groups destabilize 
the oxoammonium cation resulting in higher oxidation potentials (Scheme 2-5). This electronic 
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inductive effect can alter the oxidation potential by over 100 mV (Figure 2-2A). However, nitroxide 
radicals d, e and f were excluded due to their spiro- or bis-substitution leading to difficulties in 
estimating their σp values. An interesting outlier is the carboxylic acid functionalized nitroxide m, 
which largely deviates from the linear trend of mono-substituted nitroxide radicals, possibly because 
of deprotonation or carboxylic acid dimerization. SOMO-HOMO conversion of this radical (in its 
deprotonated form) and associated electrostatic stabilization has been previously reported.33-35 When 
SOMO-HOMO converted, the radical is expected to undergo preferential oxidation at the carboxylate 
(to form a diradical) rather than the usual oxidation to an oxoammonium cation. Even if the radical 
is not SOMO-HOMO converted, partial deprotonation or hydrogen bonding (via carboxylic acid 
dimerization for instance) would dramatically change the polarity of the substituent. 
Table 2-2. Hammett constants and experimental oxidation potentials for 4-substituted nitroxide radicals. 
 Functional group σpa Eox0(mV)b  Functional group σp Eox0(mV) 
(a) =O 0.50 410 (g) -OTs 0.33 387 
(b) -OH -0.37 284 (h) -N3 0.08 354 
(c) =NOH 0.1 340 (i) -Br 0.23 372 
(d) -CH2OCH2- - 317 (j) -I 0.18 352 
(e) -CH2OH/-OH - 230 (k) -OCH2C≡CH -0.25 343 
(f) Carbonate - 389 (l) -OCOCH=CH2 0.05 308 
a Hammett constants were adopted from a previous report, values for d, e and f were not found,32 σp values for k and l 
were estimated from the analog structures –OCH2CH=CH2 and –OCOPh, respectively. b Eox0= (Epa+Epc)/2, Epa and Epc 
were calibrated versus  Fc/Fc+. 
            The chemical structure of nitroxide radicals influences not only their oxidation potentials but 
the values of their nitrogen hyperfine splitting constants (αN). Hyperfine splitting constants have been 
utilized to probe solvent polarity, oxygen concentration and redox reactions in biological systems.36-
37 Previous work has demonstrated the impact of the ring size, structural conformations, and inductive 
effects of the substituents of cyclic nitroxide radical on their αN values,38 and some of our results 
agree well with previous reports.13 Generally speaking, the more rigid the ring and the more electron-
withdrawing the substituent, the lower the π-electron spin density is on nitrogen (Scheme 2-5); hence, 
αN decreases. In this context, we plotted the experimental oxidation potential Eox0 versus the nitrogen 
hyperfine splitting constants (αN) for the nitroxide radicals (Figure 2-2B). Species q, s and t were 
omitted because they showed irreversible oxidation. Figure 2-2B clearly shows that nitroxide radicals 
with low αN values tend to have correspondingly high oxidation potentials Eox0. Clearly the ability of 
the nitroxide radical substituents to delocalize the radical is a good predictor of their ability to stabilize 
the oxidized oxoammonium cation (i.e., >N+=O).  
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Figure 2-2. (A) Correlation of experimental oxidation potentials with the Hammett constants (σp) of 4-substituted 
nitroxide radicals (m was excluded from this regression) and (B) Experimental oxidation potentials vs. the nitrogen 
hyperfine splitting constants αN. 
          Next, we examined the agreement between theory and experiment for the oxidation potentials 
of these nitroxide radicals. Theoretical calculations carried out at the G3(MP2,CC)(+)//M06-2X/6-
31+G(d,p) level of theory with PCM solvation corrections, were shown to reproduce experiment to 
within a mean absolute deviation of 33 mV and a maximum deviation of 64 mV (Figure 8-7). We 
also observed a reasonable correlation between the natural charge calculated on the nitroxide radical 
O atom (calculated at M06-2X/6-31+G(d,p)) and the experimental oxidation potential (Figure 8-8). 
This indicates that remote substituents directly affected the electron distribution along the N-O bond 
of the formed oxoammonium cation (Scheme 2-5) and that these changes correlate with the oxidation 
potential of these nitroxide radicals. 
 
Scheme 2-5. Reversible oxidation reaction and resonance delocalization of nitroxide radical. 
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            To ascertain the relationship between the nitroxide radical structure and its oxidation potential, 
we considered the underlying electrostatic interactions present in these systems. Non-conjugated 
substituents affect the oxidation potential by interacting electrostatically with both the polarized bond 
present in the parent nitroxide radical (i.e., >N+●-O-) and the formal charge formed upon its oxidation 
(i.e., >N+=O).33-34 This electrostatic interaction can be written as a multipole expansion in terms of 
the charge, dipole, quadrupole, etc. of the substituent. As all the substituents are formally uncharged, 
the dipole term is the first non-zero term in the multipole expansion. Provided that the charge-dipole 
interaction is dominant, alignment of the substituent dipole with the charge should stabilize the 
oxoammonium cation and result in a lower oxidation potential (Scheme 2-6). Conversely, 
misalignment of substituent dipole would destabilize this cation and so raise the oxidation potential. 
Thus, the orientation and magnitude of the substituent dipole should influence the electrostatic 
stabilization/destabilization of the oxoammonium cation and in turn affect the oxidation potential of 
the parent nitroxide radical. 
            To assess if the substituent dipole was correlated with the oxidation potential, we calculated 
the dipole moment using M06-2X/6-31+G(d,p) for various structural analogues of the nitroxide 
radicals in the test set. To decouple the dipole moment of the substituent from that of the >N-O● 
group, we considered simplified models in which the >N-O● moiety was replaced with a CH2 group. 
This substituent orientation relative to the >N-O● moiety is crucial, as this axis defines the only 
spatial component of the dipole moment that will have a non-zero interaction with the charge formed 
upon oxidation. As the basic C-C framework of these models is analogous to that of the corresponding 
nitroxide radicals, the relatively fixed orientations of the interacting substituents are preserved. As 
shown in Figure 8-9, the distance scaled dipole moment is very well correlated with the experimental 
oxidation potentials (R2=0.89), however nitroxide radicals g, n and o were found to be significant 
outliers. 
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Scheme 2-6. Oxidation of nitroxide radical with differing remote (non-conjugated) substituent dipole orientations. 
            While truncating the multipole expansion at the dipole term is valid if the substituent and 
>N+=O moiety are appreciably separated, at short-range higher order multipole terms may be 
significant. In particular, the importance of quadrupole moments in the electrostatic description of 
molecules with π systems is well known.39 For such systems, analysis based on the dipole moment 
alone would clearly be inadequate. The residual deviation between the experimental oxidation 
potential and that predicted by the scaled dipole term is very well correlated with the distance scaled 
quadrupole moment. For instance, nitroxide radical g has a significant stabilizing quadrupole term 
that arises from the aromatic π-system of the tosylate group, which explains why truncating multipole 
analysis at the dipole term leads to a significant overestimation of its oxidation potential. Conversely, 
nitroxide radical n and o have large destabilizing quadrupole terms that result from the C=C bond of 
the 3-pyrroline rings, which accounts for the significant underestimation of their oxidation potentials 
using dipole analysis.  
 In Figure 2-3, the inclusion of an appropriately scaled quadrupole term corrects the 3 previous 
outliers (nitroxide radical g, n and o) and simultaneously improves the correlation with the 
experimental oxidation potential for the other 14 nitroxide radicals. However, to demonstrate the 
robustness of this analysis, we calculated dipole and quadrupole terms for an addition 18 nitroxide 
radicals using oxidation potentials taken from references,4-5, 31 and converted to Fc/Fc+ using data 
given in Reference.40 These additional nitroxide radicals included a pyrrolidine, 3 azaphenalenes, 11 
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isoindolines, 2 piperidines and an azepine. Despite the structural diversity of these nitroxides, a good 
correlation was observed between the distance scaled dipole and quadrupole term and the respective 
oxidation potential (total R2 = 0.84). Reassuringly, the optimal ratio between the dipole and 
quadrupole terms found via a 2-variable regression (1.78:1) is reasonably similar to the theoretical 
ratio predicted in a multipole expansion (2:1). 
 
Figure 2-3. The correlation between the sums of the distance scaled dipole and quadrupole moment of the substituent 
and the experimental oxidation potential for the 35 nitroxide radicals examined. 
           The importance of electrostatic effects is nicely illustrated by the 3-carboxy pyrrolidine and 
pyrroline nitroxide radicals (see Scheme 2-7.). Interestingly, both species have roughly comparable 
substituent dipoles, with the saturated pyrrolidine having a less favorable dipole interaction (1.02 D) 
than the unsaturated pyrroline (0.73 D). Based on their respective substituent dipoles, one might 
expect that the pyrrolidine nitroxide radical would have a marginally higher oxidation potential than 
the pyrroline nitroxide radical. However, the unsaturated pyrroline has a large destabilizing 
quadrupole contribution (4.46 DÅ), while the quadrupole contribution for the saturated pyrrolidine is 
much smaller (0.92 DÅ). By accounting for both terms, the respective oxidation potentials for these 
two nitroxide radicals can be rationalized. 
           We should caution that due to the relatively small separation between the nitroxide radical 
moiety and the substituent, higher order multipole moments may also contribute; particularly in more 
electrostatically complex systems. Indeed, we note that considering only nitroxide radicals with 
unsaturated backbones (pyrrolidine, morpholine and piperidine nitroxide radicals) leads to marginally 
better correlation than is observed for the full test set (R2 = 0.89 and R2 = 0.84, respectively). This 
could point to the importance of higher-order multipole descriptors, particularly for nitroxide radicals 
with unsaturated backbones (e.g., pyrrolines, azaphenalenes, isoindolines and azepines). However, it 
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is important to note that this analysis only considers the underlying (gas-phase) electrostatic effects 
and does not account for other key factors including; induction, ring reflexibility, through space 
orbital overlap and explicit solvent effects. Noting that reasonable correlation was observed in Figure 
2-3, we limited our analysis to the more chemically intuitive dipole and quadrupole terms for 
simplicity. 
 
Scheme 2-7. A comparison of the experimental oxidation potentials for 3-carboxy pyrrolidine and pyrroline nitroxide 
radicals as well as their respective substituent dipole and quadrupole moments. 
             This analysis clearly demonstrates that the electrostatic properties of the substituent are very 
closely correlated to the oxidation potential of the corresponding nitroxide radical. Thus, specific 
nitroxide radical oxidation potentials can be targeted by considering the dipole and quadrupole 
moment of the substituent and its orientation with respect to the N-O moiety. 
 
 
 
 
 
 
 
 
 
 
3-carboxy pyrrolidine 3-carboxy pyrroline (nitroxide o)
Eox0 = 352 mV
pz = 0.95 D
Qzz = 0.90 DÅ
Eox0 = 485 mV
pz = 0.73 D
Qzz = 4.46 DÅ
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2.4 Conclusion 
           Theory and experiment have been used to study the effect of substituents on the redox behavior 
of nitroxide radicals. The oxidation potential varies over 400 mV with nitroxide ring size and 
substitution, highlighting their versatility. We have shown that this considerable variation can be 
explained by the ability of the various substituents to electrostatically stabilize the oxidized form. 
This stabilization can be quantified by a simple predictive relationship involving the distance scaled 
dipole and quadrupole moments of the analogous cyclohexane or cyclopentene ring. This work 
highlights the often-overlooked role of through-space electrostatic substituent effects, even in 
formally neutral compounds. Moreover, it provides a simple tool for tuning the oxidation behavior of 
nitroxide radicals for use in electrochemical catalysis and energy storage applications. 
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Chapter 3 Application of CuAAC in the synthesis of 1,2,3-triazole functional 
TEMPO structures for direct application as lithium battery cathode 
Though the intrinsic properties including reversible redox and high oxidation potential make 
nitroxide radical a promising alternative to the traditional metal base cathode material for secondary 
batteries, the small molecular nitroxide radicals (SMNRs) have rarely been used as battery electrode 
because of their high solubility in common organic electrolyte. Indeed, the apparent advantages of 
directly applying SMNRs to battery electrode are their synthetic simplicity and high radical density 
(i.e., one radical per molecule). In this chapter, we design and synthesize for the first time a few 
different SMNRs containing 1,2,3-triazole ring linkages through copper-catalyzed azide-alkyne 
cycloaddition (CuAAC) reaction. These structures show low solubility in common organic electrolyte 
solvents, and their electrochemical performance in the battery with lithium as anode demonstrates 
good cycling stability of these SMNRs.  
3.1 Introduction 
The storage of electric energy is in increasing demand in our modern society with the fast 
development of portable devices, electrical vehicles etc.1-4 However, researches on traditional metal 
oxide based inorganic intercalation materials have come to a bottleneck aspect to the power density, 
energy density, and available resources. Meanwhile, during past decades, organic redox compounds 
show their immense potential in replacing the conventional metal oxides, since these organic batteries 
are excelling in rate capability and cycling stability.5-8 Besides, the organic electrical active materials 
are more environmentally and economically friendly.1 
Theoretically, all electroactive compounds possessing reversible redox reactions have the 
potential to be applied as organic electrode materials for rechargeable batteries. Up to present, organic 
materials that highlighted in current research can be divided into three categories: 1) conjugated 
conductive polymers such as polyaniline,9 2) conjugated carbonyl compounds including quinones, 
dianhydrides, carboxylates, diketones,10 3) stable organic radical compounds such as TEMPO, 
PROXYL.11 Among those, the nitroxide radical (i.e., TEMPO) based materials have been paid lots 
of attention recently because of the high redox potential (~3.6V vs. Li+/Li) and considerable specific 
capacity (~110 mAh/g).12 Though the nitroxide radical alternatives offer promising electrochemical 
properties, there remains a major issue: the unwanted dissolution of the active materials into organic 
electrolytes, especially for the SMNRs.  A palliative method to address this problem is the 
immobilization of nitroxide radicals onto insoluble base materials such as graphene oxide13 or silica14-
15. However, the immobilization method always involves complex functionalization processes and 
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results in a low active material loading ratio in the final electrode, which make it far from the practical 
utilization.  
An intuitive strategy to reduce the dissolution of SMNRs is to synthesize nitroxide radical 
structures with no or low solubility in the conventional organic electrolyte. Several strategies that 
have been adopted to modify the nitroxide radical structures to reduce their solubility in the 
electrolyte. First, synthesis of nitroxide radical containing polymers to reduce the solubility, which 
has been extensively studied in past decade.16-18 However, the solubility of these polymers strongly 
depends on their molecular weights and chemical compositions; the low molecular weight fraction 
can still dissolve into the organic electrolyte.16 Moreover, the radical density of the polymers usually 
cannot reach a hundred percent, no matter they are synthesized via post-polymerization oxidation, 
graft or direct polymerization of radical monomers.19 Such factors significantly decrease the capacity 
of the final electrode. Also, most nitroxide radical polymers are incompatible with the carbon black, 
which means that high carbon content is necessary to make an evenly distributed polymer/carbon 
composite.20-21 The other strategy is to introduce ionized functional groups to the SMNRs structure.22-
25 But, the ionization of the nitroxide radical structures usually requires multiple complicated steps 
with low total yield.26 Also, the ionized nitroxide radicals such as 4-quaternary amine TEMPO or 4-
sulphate TEMPO,27 still retain considerable solubility in an organic electrolyte. Moreover, 
introducing large ionization group into the nitroxide radical structures greatly decreases the 
theoretical specific capacity. Thus, finding a new strategy to design and synthesize nitroxide radical 
with low solubility in electrolyte without sacrificing the specific capacity is in urgent need.  
Since reported in 2002 by the group Meldal28 and Sharpless,29 the copper-catalyzed azide-
alkyne cycloadditions (CuAAC) reaction has been an excellent tool in organic synthesis. Because of 
its high efficiency, fast kinetic, and the 1,2,3-triazole ring formed is chemically inert against 
oxidation, reduction and hydrolysis under no matter acid or basic conditions,  the CuAAC has 
frequently been adopted in polymer chemistry, biochemistry and material chemistry.30-32 More 
importantly, the great orthogonality of CuAAC to most of the reactions, particularly radical trapping 
of nitroxide radical, make it a useful click tool for nitroxide radical related functionalizations.33 
However, not much attention was paid to the solubility of the final 1,2,3-triazole ring structure. Based 
on previous references, most purification processes of 1,2,3-triazole ring containing compound after 
CuAAC only require filtration, as the target products after formation of 1,2,3-triazole ring precipitated 
automatically.34-35 It greatly implies that the 1,2,3-triazole ring may confer the final structure a poor 
solubility in aqueous and common organic solvents. Inspired by this, we propose that by introducing 
1,2,3-triazole ring to the SMNRs we may reduce their solubility in the electrolyte and improve 
electrochemical cycling stability when applied as electrode material.  
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Herein, we report the synthesis of 1,2,3-triazole ring functional SMNRs via one-pot CuAAC 
reaction, resulting in two new nitroxide radical structures with low solubility in common electrolyte. 
We have also applied these structures as cathode for lithium batteries. The synthesis procedure was 
illustrated in Scheme 3-1. The 1,2,3-triazole ring group endows such nitroxide radicals with low 
solubility in most organic solvents and electrolytes. Benefiting from a 100% radical density, low 
intrinsic solubility, fast redox kinetics of synthesized nitroxide radical structure, the 1,2,3-triazole 
ring functional TEMPO structures achieve excellent electrochemical performances as the first SMNR 
cathode.  
 
3.1.1 Aim of the chapter  
The aim of the chapter is to design and synthesis 1,2,3-triazole ring functional nitroxide 
radical structures possessing 100% percent radical density and low solubility in common electrolytes. 
It allows using SMNRs directly as the cathode material of lithium battery with excellent 
electrochemical performance.  
 
Scheme 3-1. Design and synthesis of 1,2,3-triazole ring functional TEMPO structures via Cu(I) catalyzed CuAAC 
reaction. 
 
 
 
 
 
+
Cu
DCM/MeOH,45oC
+
Cu
DCM/MeOH,45oC
(A)
(B)
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3.2 Experimental 
3.2.1 Materials  
The following reagents and solvents were used as received: silica gel 60 (230-400 mesh), TLC 
plates (silica gel 60 F254), sodium chloride (Univar, 99.9%), methanol (Univar,AR grade), sodium 
hydrogen carbonate (Merck, AR grade), sodium azide (Sigma-Aldrich, ReagentPlus®, ≥99.5%), 
acetonitrile (Lab-Scan, HPLC grade), dichloromethane (DCM, Labscan, AR grade), diethyl ether 
(Et2O,Pronalys, AR grade), N,N-Dimethylformamide (Merck, AR grade), magnesium sulfate 
(Sigma-Aldrich, anhydrous, free-flowing, Redi-Dri™, reagent grade, ≥97%), p-toluenesulfonyl 
chloride (Sigma-Aldrich, reagent grade, ≥98%), copper powder, (Aldrich, <425 μm, 99.5% trace 
metals basis), tripropargylamine (Aldrich, 98%), propargyl bromide (Aldrich, 80 wt % in toluene), 
sodium hydride (Aldrich, 60 wt% in mineral oil), iodomethane (contains copper as stabilizer, 
ReagentPlus®, 99.5%), dimethyl sulfoxide (DMSO, LABSCAN, 99.8%), 2,2,6,6-tetramethyl-4-
piperidone (Aldrich, 95%). 
3.2.2 Synthetic procedures   
 
Synthesis of 4-propargyl TEMPO. To a 100-mL round bottom flask equipped with a 
magnetic stir bar and ice-bath, NaH 0.69 g (60 wt% in mineral oil, 1.74 x 10-2 mol) was dispersed in 
60ml dry DMF. 1 g (5.8 x 10-3 mol) 4-hydroxyl TEMPO was added to the solution proportionally 
under positive argon pressure. After 30 min, propargyl bromide 2.58 g (2.2 x 10-3, 80 wt% in toluene) 
was added dropwise via syringe. The reaction was warmed up to room temperature and kept for 3h. 
The reaction was quenched by dropping some water slowly into the mixture to quench unreacted 
NaH. The mixture was diluted by diethyl ether and washed by brine to remove DMF. The organic 
phase was dried over MgSO4, filtered, concentrated. The residual was purified by column 
chromatography (silica gel) using an EtOAc/petroleum spirit mixture (1/3, v/v) eluent. The product 
fraction at an Rf of 0.38 was collected, concentrated and dried under vacuum. The dark red powder 
(0.9 g) was obtained with a yield of 73.9%. ESI-MS: Cald. (C12H20NO2+H+) 211.30, Found 211.23. 
Elemental Analysis: C, 68.54; H, 9.59; N, 6.66; Found: C, 68.75; H, 9.70; N, 6.48 %.  
1. NaH, DMF
2. propargyl bromide 
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Synthesis of 4-azido TEMPO. 4-hydroxyl TEMPO 17.2 g (0.1 mol) was dissolved in 50 mL 
pyridine and cooled in an ice-water bath. Subsequently, p-Toluenesulfonyl chloride 24.78 g (0.13 
mol) was added proportionally. The mixture was vigorously stirred, gradually warmed to room 
temperature and left for overnight. Then, around 500 g of ice was added to the mixture with 
simultaneously red solid precipitating out. The solid was filtered and washed with ice cold water (200 
mL) to get pale red 4-tosylate-TEMPO 36.5g, which was used for next step without further 
purification. 4-tosylate-TEMPO 5 g (1.53 x 10-2 mol) was dispersed in 10 ml DMSO, to which sodium 
azide 1.5 g (2.30 x 10-2 mol) was added. The mixture was then stirred at 90 oC for overnight. With 
the temperature increasing, the 4-tosylate-TEMPO gradually dissolved to form a transparent liquid. 
The resulting solution was then diluted in 100 mL ice cold water and extracted with diethyl ether (3 
x 50 mL). The organic phase was combined, dried with Mg2SO4 and concentrated by rotary 
evaporator. Red solid obtained was purified by recrystallization in hexane twice to give needle-like 
crystals 2.30 (Yield 76%). Rf=0.68 (EtOAc/PS, 1/2, v/v). ESI-MS: Cald. (C9H17N4O+Na+) 220.13; 
Found 220.24. Elemental Analysis: Cald. C, 54.80; H, 8.69; N, 28.40; O, 8.11; Found: C, 54.96; H, 
8.35.; N, 28.21; O, 8.48%. 1H NMR (400 MHz, Methanol-d4) δ: 1.16 (6H, s), 1.19 (6H, s), 1.54 
(1.94H, t), 1.89 (2.05H, m), 3.43 (0.95H, t); 13C NMR (100 MHz, Methanol-d4) δ 58.09, 43.23, 42.97, 
31.41, 18.76.  
 
 
 
 
 
 
Pyridine, 0 oC DMSO, 0 oC
NaN3
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Synthesis of 1,2,3-triazole ring functional TEMPO structures.  
 
Synthesis of Tris[(3-TEMPO-1H-1,2,3-triazol-4-yl)methyl]amine (TTMA). 
Tripropargylamine 20 μL (0.14 x 10-3 mol) together with 4-azide-TEMPO 0.1 g (0.51 x 10-3 mol) 
were dissolved in 10 mL DCM/MeOH mixture solvent (DCM/MeOH, 9/1, v/v). Then 0.5 gram of 
copper particles were added to the solution. Reaction was heated to 45 oC from room temperature in 
an oil bath. After 24 h, reaction was rested to settle down the copper particle, supernatant was taken 
and purified by silica gel chromatography (DCM/MeOH/Et2O, 9/1/4, v/v/v/, Rf=0.25) to give 83 mg 
pale red product (yield 82.0%). ESI-MS: Cald. (C36H60N13O3+Na+) 745.48; Found 745.70. Elemental 
Analysis: Cald. C, 59.81; H, 8.73; N, 25.19; O, 6.64; Found: C, 59.46; H, 8.35.; N, 24.96; O, 7.23%. 
 
  
Synthesis of 4-methoxy TEMPO-1-TEMPO-1H-1,2,3-triazole (MTTT). 4-propargyl 
TEMPO 0.1 g (0.48 x 10-3 mol) together with 4-azido TEMPO 0.1 g (0.51 x 10-3 mol) was dissolved 
in 10 mL DCM/MeOH mixture solvent (DCM/MeOH, 9/1, v/v). Then 0.5 gram of copper particle 
was added to the solution. The reaction was heated to 45 oC from room temperature in an oil bath. 
After 72 h, the reaction was rested to settle down the copper particle; the supernatant was taken and 
purified by silica gel chromatography (DCM/MeOH/Et2O, 9.5/0.5/4, v/v/v/, Rf=0.38) to give 165 mg 
pale red product (yield 84.3%). ESI-MS: Cald. (C21H37N5O3+Na+) 430.28; Found 430.36. Elemental 
Analysis: Cald. C, 61.89; H, 9.15; N, 17.18; O, 11.78; Found: C, 61.51; H, 9.04.; N, 17.39; O, 12.06%. 
+
Cu
DCM/MeOH,45oC
+
Cu
DCM/MeOH,45oC
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3.2.3 Characterization and analytical methodology  
1H and 13C Nuclear Magnetic Resonance (NMR) Spectroscopy. 
All NMR spectra were recorded on a Bruker DRX 300 MHz or 400 MHz at 25 °C using an 
external lock (MeOD) and referenced to the residual non-deuterated solvent (MeOH).  
Electron Spray Ionization-Mass Spectra (ESI-MS). 
All the ESI-MS spectra were recorded on Waters LC-MS system with the capillary voltage as 
3.0 KV, extractor voltage 2.0 V, RF Lens 0.5 V, source temperature 120 oC, desolvation temperature 
350 oC, desolvation gas flow 500 L/hr, pump flow 20 µL/min. Sample concentration was 1-5 mg/mL 
in MeOH with tiny NaCl as the ion source, and the cone voltage was varied from 15 to 80V depending 
on the samples.  
Electron Paramagnetic Resonance (EPR) 
EPR spectra were recorded with a Bruker E540 spectrometer operating at X-band (~9.8 GHz) 
and using a Bruker ER4122SQE-W1 high sensitivity resonator.  Samples were measured in a 1.5mm 
internal diameter capillary with the following instrumental parameters, microwave power = 0.635 
mW, modulation amplitude = 1 G. The spectra were processed using Bruker Xepr software. 
UV-Vis 
UV-vis spectra were obtained using a Shimadzu 2600 UV-vis spectrophotometer. Identical 
4.0 mL quartz cuvettes were used.  
Scanning electron microscope (SEM)  
The electrode morphology was characterized by field-emission scanning electron microscopy 
(FESEM) (JEOL-7100). 
Elemental Analysis (EA)  
Carbon, nitrogen and oxygen content was measured by 3 dynamic flash combustion of the 
sample using a Flash 2000 Thermo Fisher organic elemental analyzer. 
Coin cell fabrication  
The electrochemical performance of 1,2,3-triazole ring functional TEMPO was measured 
with 2032 coin cells assembled in an N2-filled glovebox. The working electrodes were prepared by 
mixing 50 wt% nitroxide radical, 40 wt % of SP carbon, 10 wt % of poly(vinylidene fluoride) (PVdF) 
in NMP to form a slurry. Then the slurry was pressed on an aluminum current collector with a doctor 
blade method. Electrodes with different nitroxide radical/carbon ratio were prepared in the same 
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manner. The electrodes were dried in vacuo at 60 °C for 12 h to remove the solvent and cropped into 
cycles with diameter 1.0 cm before the test. Lithium foil was used as the counter and reference 
electrodes, and a Celgard membrane was used as a separator. The electrolyte was LiPF6 (1 mol/L) in 
dimethyl carbonate (EC/DMC/PC, 1/1/1). Cyclic voltammetry (CV) and chemical impedance 
spectroscopy (EIS) spectroscopies were carried out on a CHI 760D electrochemistry workstation with 
the potential amplitude set at 10mV and frequencies ranged from 0.01–2 500 Hz. Galvanostatic 
cycling tests of the assembled cells were performed on a LAND CT2001A system in the range 
3.0−4.0 V or 3.0-4.5 V. 
Solubility test  
Two 1,2,3-triazole ring functional TEMPO structures and 4-tetramethylammonium TEMPO 
were saturated in 200 μL electrolyte (1 M LiPF6 in EC/DMC/PC) with the excessive solute. The 
suspension was left on a shaker for overnight, then centrifuged to get a clear, transparent liquid. Then 
50 μL liquid was taken and diluted in 0.5 mL THF for UV-Vis characterization. The concentration 
was calculated from a 4-hydroxyl TEMPO standard curve.  
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3.3 Results and discussion 
3.3.1 Synthesis results  
Both 4-alkyne-TEMPO and 4-azido TEMPO were synthesized from 4-hydroxyl TEMPO, 
which can be easily converted from commercial 2,2,6,6-tetramethyl-4-piperidone in large scale.33, 36 
Briefly, 4-hydroxyl TEMPO was first deprotonated by sodium hydroxide following nucleophilic 
substitution with propargyl bromide to give 4-alkyne TEMPO with a high yield of 76%. Formation 
of the alkyne group was verified by FT-IR spectrum with the characteristic peak at 3230.18 cm-1 
corresponding to the stretch of alkyne hydrogen (≡C-H) and 2111.67 cm-1  indicating the alkyne group 
stretch (C≡C) (Figure 3-1A).37 As to 4-azido TEMPO, the 4-hydroxyl TEMPO was first 
quantitatively tosylated by p-toluenesulfonyl chloride in pyridine followed by a high efficient 
azidation with sodium azide in DMSO.38 The FT-IR absorbance at 2094.32 cm-1 evidenced the azide 
group on the product nitroxide radical structure (Figure 3-1B).39  
 
Figure 3-1. FT-IR spectra of the 4-alkyne-TEMPO, 4-azide-TEMPO and 4-methoxy TEMPO-1-TEMPO-1H-1,2,3-
triazole (MTTT) after CuAAC click reaction. 
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Many different CuAAC conditions have been reported with varieties of catalysts including 
CuCl, CuBr, CuI etc.40-42 Among those,  the CuCl has a solubility problem in common solvents; while 
CuI tends to cause side reactions.40 In this study, in the beginning, the CuBr was first adopted as the 
catalysis of CuAAC in DMSO at room temperature with Me6TREN as the ligand. However, the CuBr 
catalyzed room temperature reaction still bearings problems. In detail, the Glaser coupling side 
reactions and the precipitation of the partial cycloaddition intermediates of the 4-azido 
TEMPO/tripropargyl amine reaction resulted in a large number of impurities. To reduce the side 
reaction and by-product formation, we changed the solvent to DCM/MeOH (9/1, v/v) mixtures, which 
was so far the only good solvent for 4-methoxy TEMPO-1-TEMPO-1H-1,2,3-triazole (MTTT) and 
Tris[(3-TEMPO-1H-1,2,3-triazol-4-yl)methyl]amine (TTMA). And an in-situ Cu(I) formation 
strategy via Cu(0)/Cu(II) comproportionation was adopted using copper powder as the only catalyst.35 
After 24h reaction at 45 oC, no precipitation was seen, and no partial cycloaddition by-product was 
detected. Since the tris(1,2,3-triazolyl) analog is a functional ligand for Cu(I), therefore, it is necessary 
to remove the Cu(I) by flushing silica gel chromatography. The final products have been verified by 
XPS that no copper existed in the final structures (Figure 9-2). The successful CuAAC reaction was 
firstly verified by the ESI-MS (Figure 3-2) and also proved by the FT-IR spectra. The disappearance 
of the characteristic peaks of alkyne and azide at 3230.18 cm-1 and 2094.32 cm-1  and the appearance 
of the characteristic peak for 1,2,3-triazole at 3232.83 cm-1 in the product suggest the successful 
formation of 1,2,3-triazole functional TEMPO structures (Figure 3-1C). 43 In this work, for solubility 
comparison, 4-(trimethylammonio)-2,2,6,6-tetramethylpiperidine-1-oxyl iodide (TTOI) was also 
synthesized via direct methylation of 4-amine-TEMPO  with iodomethane offering a low yield of 
27% (Figure 9-1).  
 
 
 
Figure 3-2. ESI-MS spectrum of 4-methoxy TEMPO-1-TEMPO-1H-1,2,3-triazole (MTTT) (left); and Tris[(3-TEMPO-
1H-1,2,3-triazol-4-yl)methyl]amine (TTMA) (right). 
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3.3.2 Radical density and solubility of SMNRs. 
The high radical density of the nitroxide radical structures delivers high theoretical specific 
capacities. Therefore their radical density is vitally important for their energy storage applications. 
However, for the synthesis of nitroxide radical polymers, the polymerization or post-polymerization 
oxidation usually results in  a radical density less than unity because of the side reaction during the 
polymerization and the oxidation efficiency not being 100%.16, 19 In this study, the CuAAC reaction 
is orthogonal thus keeping the nitroxide radical intact, which was qualitative proofed by the MTTT 
and TTMA typical triplet electron spin resonance spectra (Figure 3-3A) and UV absorption (Figure 
3-3B) at 456 nm.44 Further, the ESI-MS spectra of both products show no detection of the radical 
trapping species (Figure 3-2). The radical density of the MTTT, TTMA and TTOI, were also 
quantitatively calculated from the UV absorbance confirming that the radical densities of both MTTT 
and TTMA are close to 1, while the TTOI gives a much lower radical density, which could be resulted 
from the acid-mediated disproportionation during the reaction (Figure 3-3C).  Afterward, the 
solubilities of the 1,2,3-triazole functionalized TEMPO structures and the ionized 4-amine-TEMPO 
were tested in common electrolyte 1M LiPF6 in PC/EC/DMC (1/1/1, v/v/v) at 25 oC. The solubility 
was calculated according to the ESR intensity. As shown in Figure 3-3D, the MTTT presents the 
highest solubility around 9.1 mg mL-1, and the ionized TEMPO TTOI gives a slightly lower solubility 
5.6 mg mL-1 in the organic carbonate-based electrolyte. While the Tris[(3-TEMPO-1H-1,2,3-triazol-
4-yl)methyl]amine (TTMA) possesses the lowest solubility (1.9 mg mL-1), which is possibly resulted 
by the multiple 1,2,3-triazole rings in the structure. Comparing with common PTMA polymer, the 
small molecule TTMA solubility is even lower (PTMA 3.0 mg/mL in 1M LiPF6 DMC electrolyte),16  
which makes these SMNR structures potentially be directly used as cathode materials. 
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Figure 3-3. A)The EPR spectra of 4-methoxy TEMPO-1-TEMPO-1H-1,2,3-triazole (MTTT) (blue), Tris[(3-TEMPO-
1H-1,2,3-triazol-4-yl)methyl]amine (TTMA) (black) and 4-(Trimethylammonio)-2,2,6,6-tetramethylpiperidine-1-oxyl 
iodide (TTOI) (red). B) The UV-Vis absorption of MTTT (blue), TTMA (black) and TTOI (red). C) Radical density of 
MTTT, TTMA and TTOI, D) Solubility (Red) and its corresponding radical concentration (Blue) of MTTT, TTMA and 
TTOI. 
 
  
3.3.3 Electrode performance of 1,2,3-triazole ring functional nitroxide radical structures  
The dissolution of the SMNRs into the electrolyte dramatically impairs their applications in 
rechargeable batteries.16, 45 Since the as-synthesized nitroxide radicals demonstrate low solubility in 
the electrolyte solution, these structures are then used as cathode materials in lithium batteries to test 
their electrode performances. The electrode composites composed of active material/SP/PVdF  with 
mass ratio 5/4/1 were first prepared. The cyclic voltammetry tests were carried out with a potential 
window of 3-4V for both MTTT and TTMA (Figure 3-4A). The MTTT gives a symmetrical redox 
peak with close peak currents at 3.6 V versus Li+/Li, which is the typical redox potential of 
TEMPO+/TEMPO couple.46 However, for the TTMA, another irreversible oxidation peak at 3.8 V 
was overserved, which is resulted from the irreversible oxidation of the 1,2,3-triazole ring.47 
Fortunately, the oxidation of 1,2,3-triazole ring is found not affecting the electrochemical activity of 
the nitroxide radicals in this structure, as the cathodic peak current is close to the anodic peak current 
for all three CV cycles. To find out the redox potential of the 1,2,3-triazole ring in MTTT structure, 
0
0.01
0.02
0.03
0.04
0.05
0
2
4
6
8
10
MTTT TTMA TTOI
So
lu
bi
lit
y (
m
g/
m
L)
Ra
di
ca
l c
on
cn
. (
M
)
0
0.05
0.1
0.15
0.2
300 500 700
Ab
s.
Wavelength (nm)
A
C
B
D
0.6
0.7
0.8
0.9
1
TTOI TTMA MTTT
Ra
di
ca
l d
en
sit
y 
 100 
 
we further conduct CV scan of both structures in the potential window up to 4.5V versus Li+/Li, in 
which the results of MTTT depict an irreversible peak around 4.2 V corresponding to the oxidation 
of 1,2,3-triazole ring redox (Figure 3-4B). The irreversible 1,2,3,-triazole ring oxidation of both 
structures was consistent with the charge/discharge curve of the MTTT and TTMA composites. Both 
charge /discharge curves of MTTT and TTMA show a plateau around 3.6-3.7 V, which is attributed 
by the reversible oxidation of the TEMPO radical. Besides, MTTT and TTMA demonstrate the other 
plateau around 4.2V and 3.8V respectively, observed only for the first charge segment, corresponding 
to the irreversible oxidation of the 1,2,3-triazole ring of both structures (Figure 3-4C). In the 
following cycles, with the depletion of the 1,2,3-triazole ring structures, the corresponding plateaus 
disappear with improvements of columbic efficiency. 
 
Figure 3-4. Cyclic voltammetry of MTTT (red) and TTMA (blue) in potential window 3-4 V (A) and 3-4.5 V (B) vs. 
Li+/Li with scan rate 0.2 mV/s; Charge/discharge curves of MTTT and TTMA at the first cycle (C) and charge/discharge 
curves of MTTT at different C-rate (D); Discharge capacity of MTTT (red) and TTMA (blue) at different C-rate (E) 
Discharge capacity (solid) and columbic efficiency (empty) over 200 cycles of MTTT (red) and TTMA (blue) at 1C (F); 
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Furthermore, the C-rate performances of the MTTT and TTMA composites at the same 
loading ratio (50 wt %) were tested (Figure 3-4E). The results show that both composites have no 
significant capacity loss while increasing the C-rate from 0.5 to 2C. However, at higher C-rate, the 
TTMA retains higher capacity than that of MTTT. At 5C, the TTMA maintains 73% of the discharge 
capacity at 0.5C, while the MTTT provides only 43% of its initial discharge capacity at 0.5C. This 
trend was consistent with the EIS results, which shows that the MTTT/SP composite has an electron 
transfer resistance 50 Ω larger than the TTMA composite (Figure 3-6 A and B). The electron transfer 
resistance differences could result from the contactability of two nitroxide radical structures with the 
SP carbon. The SEM graphs image that TTMA has better compatibility with SP carbon since no 
crystal on the electrode was seen. However, for MTTT, plenties of needle-like crystal sitting on the 
electrode surface were observed (Figure 3-5). The poor contactability between the MTTT and SP has 
believed the main reason leads large electron transfer resistance and relatively weak rate capability.  
The cycling stability of both composites was illustrated in Figure 3-4F. The results display that the 
MTTT has an initial capacity of 120 mAh g-1 closing to the theoretical specific capacity (129 mAh g-
1). On the contrast, for TTMA, the discharging capacity at the first cycle is 80 mAh g-1, which is about 
72% of the theoretical value. The columbic efficient of TTMA composite is low to 50% during the 
several initial cycles because of the irreversible oxidation of the 1,2,3-triazole ring but increases 
significantly to around 90% after three cycles. Whereas, the MTTT maintains a steady columbic 
efficiency above 90% since the oxidation potential of the 1,2,3-triazole ring is beyond the potential 
window. Overall, it is clear that the TTMA presents better cycle stability compared with the MTTT. 
During 200 cycle tests, the TTMA gives only 4% capacity decay, while the MTTT retains just 69% 
of the initial capacity. This result is coincident with the solubility of the two structures. The increase 
of 1,2,3-triazole ring numbers in the final TEMPO structures can greatly enhance the stability of the 
electrode via reducing their solubility in the organic electrolyte. 
 
Figure 3-5. SEM graphs of MTTT (left) and TTMA (right) based electrode. Active material/SP/PVdF, 5/4/1. 
10 μm 10 μm
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SMNRs usually have better miscibility to the conductive carbon material compared with 
polymers. To investigate the maximum loading ratio of both structures, we prepared three composites 
with different loading ratio from low to high (50%, 70%, 80%) of each structure. The charge transfer 
resistance of every composite was characterized by AC-impedance after cell assembling. For TTMA, 
with the mass loading ratio increasing from 50% to 80%, no significant charge transfer resistance 
increase is seen with Rct around 200 Ω, which indicates that TTMA has excellent miscibility with the 
carbon material. While, for the MTTT, the Rct increases from 200 Ω to 500 Ω and finally reaches 
3500 Ω, when the mass loading ratio goes from 50% to 80% (Figure 3-6 A and B). The large charge 
transfer resistance at 80 wt% loading ratio results in a large polarization shortly after charge/discharge 
even at low C rate. It is evident that the TTMA possess much better miscibility with carbon compared 
with MTTT, which allows a high loading ratio in the final electrode. Only 10 wt% SP carbon is 
enough to generate a low charge transfer resistance electrode. A similar trend is also observed in the 
C-rate test of each structure at the same loading ratios. Figure 3-6 C and D depict that at both 50 wt% 
and 70 wt% loading, the TTMA always gives higher capacity retention to that of MTTT electrode.  
 
Figure 3-6. EIS spectra of TTMA (A) and MTTT (B) at different loading ratio between active material/SP/PVdF; 
discharge capacity retention at different C-rate to the first cycle of TTMA and MTTT at the same loading ratio, 5/4/1 (C) 
and 7/2/1 (D).  
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3.4 Conclusion 
In conclusion, we report the first time adopting the high-efficiency CuAAC reaction in 
preparation of 1,2,3-triazole ring functional SMNRs for direct application as lithium battery cathode 
with stable performance. 4-methoxy TEMPO-1-TEMPO-1H-1,2,3-triazole (MTTT) and Tris[(3-
TEMPO-1H-1,2,3-triazol-4-yl)methyl]amine (TTMA) were synthesized from 4-azide-TEMPO and 
4-propargyl-TEMPO, tripropargylamine respectively via CuAAC in solution catalyzed by the copper 
powder. Both 1,2,3-triazole ring functional TEMPO structures possess a 100% radical densities and 
low solubilities in the organic carbonate electrolyte. The electrochemical tests show that the lower 
solubility TTMA resulted in better capacity retention (96%) than the slightly better soluble MTTT 
(69%) during 200 cycles.  More importantly, originating from the excellent miscibility between 
TTMA and SP carbon, the final loading ratio can increase to 80 wt% without trading off large capacity 
and rate capability. Similarly, though the carbon compatibility of MTTT is not as good as the TTMA, 
it can still reach 70% loading ratio of the electrode. Overall, we demonstrate that 1,2,3-triazole ring 
functional TEMPO is a new class of SMNRs that suitable for direct application as cathode material 
of lithium batteries.  
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Chapter 4 The impact of the molecular weight on the electrochemical 
properties of poly(TEMPO methacrylate) 
In Chapter 3, we showed that small molecule nitroxide radical design could significantly 
influence the electrochemical battery performance. In this chapter, we want to incorporate these 
design features into a more mechanically robust polymer. To date, poly(TEMPO methacrylate) 
(PTMA) is the most studied nitroxide radical polymer in secondary battery applications. However, in 
almost all past studies, PTMA was synthesized via a conventional radical polymerization process of 
radical monomer precursor following oxidation, which resulted polymers with high PDI values and 
low weight average molecular weight, resulting in varying battery performaces from different studies. 
We therefore, wanted to use a synthetic startergy to produce PTMA with a low PDI and with a 
controlled molecular wieght. In this chapter, we accomplished this by using the single electron 
transfer-living radical polymerization (SET-LRP) to synthesize poly(2,2,6,6-tetramethylpiperidine 
methacrylate) (PTMPM), nitroxide radical polymer precursor, after oxidation to produce 
poly(TEMPO methacrylate) (PTMA) with different molecular weights  (16-169 KDa) and low 
dispersities (Đ=1.11~1.35).  Subsequent battery tests with 25 wt% of polymer in the final electrode 
composite showed a strong molecular weight dependence on their electrochemical properties. The 
higher molecular weight PTMA showed higher specific discharging capacity and better cycling 
stability due to their lower solubility in the electrolyte.  
4.1 Introduction 
Redox polymers have long been recognized as superior organic electrochemical 
materials in the fabrication of flexible electrochemical devices.1-2 Among these, redox 
polymers containing 2,2,6,6-tetramethyl piperidine-1-oxyl (TEMPO) have attracted 
considerable attention in recent years1, 3-6  due to their rapid electron self-exchange reaction 
rate constant (kex = 105-7 M-1 s-1) and reversible redox reactions within the electrode layer.7 
Since their initial use as a battery material,8 TEMPO-containing polymers with various 
chemical compositions and architectures have been synthesized9-10 and applied as cathodic 
materials in lithium ion battery,11-12 zinc ion battery,13 sodium ion battery,6, 14 totally polymer 
battery,15-16 supercapacitor,17-18 redox flow battery9, 19-20 and other organic photoelectric 
devices.21-22 In particular, due to the synthetic simplicity of both monomer and polymer, 
poly(TEMPO methacrylate) (PTMA) has been one of the most widely studied radical polymer 
electrode materials. Several parameters in electrode fabrication, including the weight fraction 
of PTMA,23 types of conductive carbon additives24 and film thickness25 have been 
investigated to evaluate their effects on the battery performance. Although it has been 
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recognized that one of the reasons leading to capacity loss is the dissolution of polymer active 
materials into the electrolyte solution, 3, 26-28 there have been no systematic studies on the 
influence of the polymer solubility on battery performance. Given that solubility of polymers 
reduces with an increase in molecular weight,29 it is therefore important to understand the 
influence of nitroxide radical polymer solubility on the electrochemical properties. Generally, 
PTMA can be synthesized by ionic polymerization30 or group transfer polymerization31 of the 
TMA monomer under strictly anhydrous conditions, using inert solvents and special initiators 
to avoid side reaction to either the radical or ester groups. Alternatively, PTMA can be 
prepared through free-radical polymerization of its radical precursor monomer, 2,2,6,6,-
tetramethylpiperidinyl methacrylate (TMPM), followed by oxidation.32 However, much of the 
research in the area did not provide a comprehensive molecular weight characterization, and 
therefore could not provide insights into the influence of molecular weight on cell battery 
performance.5-6, 23, 25 In one case, PTMA with a molecular weight of 89 kDa and a dispersity 
(Ð) of 3.3 was reported, and used as a cathode with a 20% capacity decrease over 100 
charging/discharging cycles. The data indicated possible dissolution of the low molecular 
weight fraction (from the broad molecular weight distribution) of PTMA into the electrolyte.33 
While an insoluble photo-crosslinked nitroxide radical polymer was used as electrode, it 
showed very low capacity loss over 1000 cycles.3 Therefore, understanding the solubility of 
PTMA at different molecular weights would provide insightful criteria for the design of such 
polymer active materials. ‘Living’ radical polymerization (LRP) can be used to synthesize 
polymers with controlled molecular weights and more importantly with low dispersity.34-36 In 
recent years, LRP has been applied for the synthesis of PTMPM, especially for making 
copolymers, but this research focused on either the polymerization kinetic or electrochemical 
properties only in the form of PTMA micelles and PTMA-grafted 2D surface.37-40 For 
instance, Gohy et al. used single electron transfer-radical polymerization (SET-LRP) with 
Cu(0)/PMDETA (N,  N’,N’N”N”-pentamethyldiethylenetriamine) as catalyst in isopropanol 
to produce PTMPM, taking 8 h at 40 oC to reach a molecular weight of 13 kDa and dispersity 
of 1.19.38 Although this procedure demonstrated the capability to produce well-controlled 
PTMA, the long reaction times and the limitation to low molecular weights (i.e., below 30 
kDa) needs to be overcome. Their choice of ligand (i.e., PMDETA) will lower the activation 
of the copper species resulting in long polymerization times and the need for higher 
temperatures. There are no other reports on how the molecular weight of PTMA with low Ð 
generated by LRP influences the electrochemical properties. A polymerization condition with 
a fast activation rate will allow the rapid synthesis of PTMA with a greater range of molecular 
weights (i.e., from 10 to 100 kDa). Evaluation the electrochemical properties of such PTMA 
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polymers is of great significance for the synthesis of nitroxide radical polymers as electrode 
materials, a design feature that has yet to be elucidated.  
In this work, we carried out the polymerization of TMPM via SET-LRP by using Cu(0) 
wire/Me6TREN (tris[2-(dimethylamino)ethyl]amine) as catalyst, a classic SET-LRP36 
combination aiming to obtain a rapid polymerization rate and produce polymers with a wide 
range of  molecular weights (Scheme 4-1). Further oxidation of PTMPM polymers produced 
the corresponding nitroxide radical polymer PTMA. The oxidation efficiencies were then 
determined by different techniques, providing a correlation between PTMA composition and 
electrochemistry properties. These as-synthesized PTMA with different molecular weights 
were then fabricated into coin cell batteries to investigate their molecular weight dependence 
on electrochemical performance. 
 
4.1.1  Aim of the chapter 
Taking advantage of living radical polymerization such as fast kinetic and well PDI control, 
the aim of this chapter is to set up a SET-LRP method for fast synthesis of PTMA with different 
molecular weights and low polydispersities; and further investigate the impact of Mw on the PTMA 
cathode performance in  secondary lithium batteries.  
 
 
 
 
Scheme 4-1. Synthesis of TMPM via transesterification reaction (a) and its polymer via SET-LRP followed by oxidation 
to give PTMA (b). The yield of PTMA after oxidation varies from 60% to 85% with different chain length.   
+
Cu(0), wire
Cu(II)Br/Me6TREN
Isopropanol, 25 oC
H2O2, NaWO4, EDTA
MeOH, 25 oC, 48h
+ Ti(OBu)4
130 oC
(a)
(b)
TMPM
PTMPM PTMA
n=66, 96, 228, 483, 703
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4.2 Experimental 
4.2.1 Materials 
The following reagents and solvents were used as received: silica gel 60 (230-400 
mesh) ATM (SDS), TLC plates (silica gel 60 F254),  methanol (Univar,AR grade), n-hexane 
(Scharlau, 96%), acetonitrile (Lab-Scan, HPLC grade), chloroform (CHCl3,Pronalys, 99%), 
dichloromethane (DCM, Labscan, AR grade), tetrahydrofuran (THF, HPLC grade, 
Lichrosolv, 99.8%), methyl methacrylate (Sigma-Aldrich, 99%), titanium(IV) butoxide 
(Sigma-Aldrich, reagent grade, 97%), sodium tungstate dihydrate (Sigma-Aldrich, purum, 
≥99%),  copper(II) bromide (Sigma-Aldrich, ≥99%), hydrogen peroxide solution (Sigma-
Aldrich, 30 wt % in H2O, ACS reagent), 3-chloroperbenzoic acid (Sigma-Aldrich, ≤77%) and 
ethyl α-bromoisobutyrate (EBiB) were used as received. 2,2,6,6-Tetramethyl-4-piperidone 
(Sigma-Aldrich, 95%) was distilled prior use. Copper wire (Φ=0.893 mm) were activated with 
hydrazine for 30 min, rinsed by acetone and dried under Ar flow prior use. Synthesis of 
2,2,6,6-tetramethylpiperidin-4-ol and tris[2-(dimethylamino)ethyl]amine (Me6TREM) was 
followed previous procedure.41 
 
4.2.2 Synthesis and characterization 
4.2.2.1 Synthesis of 2,2,6,6-tetramethylpiperidin-4-yl methacrylate (TMPM) 
2,2,6,6-tetramethyl piperidinol 15.0 g (9.50 x 10-2 mol)  mixed with methyl 
methacrylate 35 mL (3.28 x 10-1 mol) in a 250 mL round bottom flask equipped with an short 
adaptor allowing escape of methanol by-product. Catalytic amount of titanium(IV) butoxide 
0.3 mL was added to the mixture, which was then heated to 130 oC overnight. The crude solid 
product was distilled under reduced pressure. Finally, 17.46 g white crystal was obtained with 
yield 81%. Rf=0.30 (DCM/MeOH, 9/1, v/v). ESI-MS: Cald. (C13H23NO2+H+) 226.18; found: 
226.25 1H NMR (400 MHz, DMSO-d6) δ: 1.07 (6H, s), 1.15 (6H, s), 1.16 (2H, t, J=12Hz), 
1.80 (2H, q, J=8Hz, 12Hz), 1.87 (3H, s), 5.14 (1H, m), 5.65 (1H, m), 5.99 (1H, m); 13C NMR 
(100 MHz, DMSO-d6) δ: 18.43, 29.64, 34.60, 43.51, 51.24, 69.48, 125.77, 136.77 and 166.52. 
 
4.2.2.2 SET-LRP of TMPM 
A 10 mL Schlenk flask was charged with monomer TMPM 1.00 g (4.44 x 10-3mol) 
and purged under argon for 0.5 h. CuBr2 1 mg (4.48 x 10
-6 mol), Me6TREN 21.25 μL (7.99 x 
10-5 mol) were dissolved together in isopropanol 2.5 mL and prepurged under argon for 20 
mins before added to the monomer. Finally, EBiB 13.15 µL (8.88 x 10-5 mol) was added to 
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the mixture via syringe. The mixture was further purged under argon for another 1 mins. A 
magnetic stir bar wrapped with copper wire (5 cm, Φ=0.893 mm) was dropped in to start the 
reaction at 25 oC. The reaction mixture was then taken out by using a syringe at predetermined 
time intervals. The samples were firstly diluted in CDCl3 for the 1H NMR characterization to 
obtain monomer conversion. The solution was then passed through a short column of basic 
alumina to remove copper and dried by airflow. The residual was then redissolved in methanol 
and oxidized to PTMA for further characterization by SEC.  
To synthesize PTMA with different molecular weights, the monomer to initiator ratio 
[M]/[I] was changed from 50/1, 100/1, 250/1, 600/1 to 1000/1 but kept monomer 
concentration the same of 0.18 M. The polymerization time was varied from 60 to 360 min to 
achieve maximum conversion. The polymerization was stopped by withdrawing the copper 
wire and cooling the solution in liquid nitrogen. The reaction vessel was opened to the air and 
the sample was taken for 1H NMR characterization for monomer conversion. The rest reaction 
mixture was diluted with dichloromethane (5 mL) and then passed through a short column of 
basic alumina to remove copper salt. The solution was then concentrated and precipitated in 
cold petroleum spirit to get white powdery PTMPM. 
4.2.2.3 Oxidation of TMPM to PTMA 
Briefly, PTMPM 0.2 g, (8.89 x 10-4 mol of amine functions), sodium tungstate 
dihydrate 50 mg (1.51 x 10-4 mol) was added to 8 ml methanol under vigorous stirring, to 
which, 0.5 mL H2O2 (30 wt %, 5eq.) was added dropwise to the mixture. The mixture was 
kept stirring at room temperature for 48 h with protection against light by aluminum foil. After 
48 h, red polymer precipitated from the solution. Methanol was decanted out and the polymer 
was washed with MeOH/water (1:1, v/v) 2 x 5mL. Polymer was dried under high vacuum 
overnight. The polymer was then used for characterization. When mCPBA was used as 
oxidant, PTMPM 57 mg, (2.53 x 10-4 mol of amine functions) was dissolved in 3 ml DCM 
under vigorous stirring, to which, mCPBA 85.8 mg (3.8 x 10-4 mol) was added the mixture 
proportionally. The mixture was kept stirring at room temperature for 6 h. After that, the 
mixture was diluted with DCM to 8 mL. The diluted solution was then directly used for UV-
Vis and EPR measurement to calculate oxidation efficiency and blown to dry for SEC 
characterization. 
 
4.2.2.4  Solubility test 
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PTMAs with different DP were saturated in 200 μL electrolyte (1 M LiPF6 in DMC). 
The solution was shaken for 2 days at 25 oC and then centrifuged to separate the insoluble 
solid from the solution. Then 50 μL clear, transparent liquid was taken out and diluted in 0.4 
mL THF for UV-Vis characterization. The concentration was calculated from an HO-TEMPO 
standard curve in THF.  
4.2.2.5  Coin cell fabrication  
The electrochemical performance of PTMA with different DPs was measured with 
2032 coin cells assembled in a N2-filled glove box. The working electrodes were prepared by 
mixing 25 wt% PTMA, 65 wt % of SP carbon, 10 wt % of poly(vinylidene fluoride) (PVdF) 
in NMP to form a slurry. Then the slurry was pressed on an aluminum current collector with 
doctor blade method. The electrodes were dried in vacuum at 60 °C for 12 h to remove the 
solvent before the test. Lithium foil was used as the counter and reference electrodes, and a 
porous glass fiber (What-man) was used as a separator. The electrolyte was LiPF6 (1 M) in 
dimethyl carbonate (DMC). 
4.2.3 Analytical methodologies 
For size exclusion chromatography (SEC) characterization, polymers were dissolved 
in THF and filtered by using a 0.45 μm PTFE syringe filter. Analysis of the molecular weight 
distributions of the polymers was accomplished using a Waters 2695 separations module, 
fitted with a Waters 410 refractive index detector at 35 oC, a Waters 996 photodiode array 
detector, and two Ultrastyragel linear columns (7.8 x 300 mm) arranged in series. These 
columns were kept at 40 oC for all analyses and capable of separating polymers in the 
molecular weight range between 500-4 million g mol-1 with high resolution. All samples were 
eluted in THF at a flow rate of 1.0 mL min-1. Calibration was performed using narrow 
molecular weight PS standards (Ð<1.1) ranging from 500 to 2 million g mol-1. Data 
acquisition was performed using Empower software, and molecular weights were calculated 
relative to polystyrene standards. All 1H and 13C Nuclear Magnetic Resonance (NMR) spectra 
were recorded on a Bruker DRX 400 MHz at 25 °C using an external lock (CDCl3 or DMSO-
d6) and referenced to the residual non-deuterated solvent (CHCl3 or DMSO). The conversion 
was determined by 1H NMR by adding 0.1 ml of the polymerization mixture into 0.6 mL of 
CDCl3. UV-Vis spectra were obtained using a Shimadzu 2600 UV-Vis spectrophotometer and 
identical 4.0 mL quartz cuvettes were used. Electron paramagnetic resonance (EPR) spectra 
were recorded on a Bruker E540 spectrometer operating at X-band (~9.8 GHz) using a Bruker 
ER4122SQE-W1 high sensitivity resonator. Samples were measured in a 1.5mm internal 
diameter capillary with the following instrumental parameters, microwave power = 0.635 
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mW, modulation amplitude=1G. The spectra were processed using Bruker Xepr software. 
Temperature dependence of magnetic susceptibility was measured using a Quantum Design 
Vibrating Sample Magnetometer (SQUID-VSM) under 1.0 T magnetic field. The magnetic 
data were taken in the warming run with temperature from 2.5 to 350 K after zero-field cooling 
(ZFC) or field cooling (FC). Cyclic voltammetry for both polymer solution and cell were 
performed on CHI 760D electrochemical working station. Electrochemical impedance 
spectroscopy (EIS) were recorded on a Zive mp2 multichannel electrochemical workstation 
with the potential amplitude set at 10mV and frequencies ranged from 0.01–2 500 Hz. For 
solution measurement, a conventional three-electrode cell under standard ambient conditions 
was used. A coiled platinum wire and Ag/AgNO3 were used as the counter and the reference 
electrodes, respectively. The cyclic voltammograms were recorded using 5 mM solution in 
MeCN (0.1M nBu4PF6) and reference to Fc+/Fc. Galvanostatic cycling tests of the assembled 
cells were performed on a LAND CT2001A system with voltage cut-off 2.5−4.0 V. 
The radical density of PTMA polymers was calculated by UV-Vis, ESR and magnetic 
susceptibility, respectively. For UV-Vis and ESR, calibration curves based on small molecular 
4-hydroxyl-TEMPO radical were established and used for calculation as shown in Supporting 
Information. For magnetic susceptibility characterization, we measured the temperature 
dependent magnetic susceptibility (χmeas) at an applied magnetic field strength of 10 kOe with 
field cooling (FC) mode. Taking into account of diamagnetic susceptibility (i.e., χD = -196.0 
x 10-6 emu mol-1) of repeating unit of PTMA,42 the paramagnetic susceptibility (χP) was 
calculated based on Eq (1):  
 
  (1)                           
                                                                                          
By plotting 1/χP versus temperature T, we obtained a linear fitting to Curie-Weiss law as 
described in Eq. (2): 
 
    (2) 
 
where C is Curie constant and Tθ is Curie-Weiss temperature and from which the slop 1/C for 
all PTMA were obtained. Furthermore, the effective Bohr magneton (Peff) is defined as Eq. 
(3): 
                              (3)                                                                                                                 
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where g is radical’s g-factor from EPR (i.e., g = 2.00043 for nitroxide radical), J is total 
angular momentum quantum number (i.e., J=1/2 for nitroxide radical) and µB is Bohr 
magneton (9.274 x 10-21 erg Oe-1). Therefore the theoretical Bohr magneton Ptheo. for TMA 
unit is 1.73µB calculated from Eq. (3). Finally, the Curie’s law can be written as Eq. (4) and 
converted to Eq. (5): 
 
   ! = #$%&''()*+          (4)                                                                                                                    
 
  (5)                                                                                                  
 
where NA is Avogadro constant and kB is Boltzmann constant. Radical density can then be 
calculated as  
Radical density                                                                                               (6) 
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4.3 Results and discussion 
4.3.1 Monomer synthesis and polymerization kinetic 
To synthesize the TEMPO radical precursor monomer, TMPM, the most commonly 
used method was through the esterification of 4-hydroxyl-2,2,6,6-tetramethylpiperidine with 
methacryloyl chloride in the presence of a tertiary amine. Due to the similar reactivity of the 
secondary alcohol and a sterically hindered secondary amine to methacryloyl chloride, a low 
yield of 27% was found.43 By using a less reactive methacrylic anhydride, the yield increased 
to 58%.39 These methods also used expensive chemicals and required column 
chromatography, which could impede their implementation into electrode materials. Here, we 
synthesized TMPM through a recently reported transesterification reaction between methyl 
methacrylate and 4-hydroxyl-2,2,6,6-tetramethylpiperidine in the presence of titanium(IV) 
butoxide (i.e., Ti(OBu)4) as catalyst at 130 oC without solvent.44 Purification of TMPM was 
through distillation under reduced pressure, giving the pure product in a yield of 81% as 
characterized by 1H and 13C NMR (Figure 10-1, Figure 10-2). This method potentially allows 
large-scale production of TMPM with high purity.  
Polymerization of TMPM was previously studied by using Cu(0) wire/PMDETA in 
isopropanol at a monomer concentration of 2.0 M at 40 oC.38 Linear first order kinetics were 
observed with an apparent kp,app of 1.55 x 10-4 s-1 and induction time of 48 min.  Taking the 
advantage of the rapid polymerization by SET-LRP and being able to synthesize polymer with 
high molecular weight,36 we used Me6TREN as ligand and carried out the reaction at 25 oC in 
isopropanol with a monomer concentration [TMPM] of 1.8 M. The molar ratio of 
[TMPM]/[EBiB]/Cu(II)Br2/Me6TREN was kept at 50/1/0.05/0.8. The kinetic samples were 
measured by size exclusion chromatography (SEC) in THF after oxidation of PTMPM to the 
corresponding PTMA (Figure 10-3). The slight tailing of the SEC traces was caused by 
polymer interactions with the SEC column from the piperidine groups due to incomplete 
oxidization. Monomer conversion reached 95% after 75 min. The number average molecular 
weight (Mn) of PTMA from SEC were close to but slightly higher than theory based on 
monomer conversion, and the dispersities were below 1.5 (Figure 4-1a). The induction time 
was only 10 min, followed by a polymerization rate with a first order linear behavior (kpapp = 
8.10 x 10-4 s-1).  This apparent rate constant at 25 oC was five times faster than that from the 
previous work at 40 oC (Figure 4-1b), supporting the higher activation when using the ligand 
Me6TREN.38 
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4.3.2 Synthesis and characterization of PTMA with different DPs 
To synthesize PTMA with different degrees of polymerization (DPs), we increased the 
monomer to initiator ratio [M]/[I] from 50/1 to 1000/1 while keeping the monomer 
concentration at 1.8 M (Table 4-1). The polymerization was carried out at 25 oC and stopped 
between 90 and 360 min, resulting in conversions ranging from 78 to 95%. The DPs ranged 
from 66 to 703 as calculated from 1H NMR (Figure 10-4), and after oxidation gave the 
corresponding PTMA denoted as PTMA66, PTMA96, PTMA228, PTMA483 and PTMA703. 
Slight tailing of the SEC traces at low molecular weights was found for the polymers with 
higher DPs. The molecular weights measured from 1H  NMR were close to their theoretical 
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Figure 4-1. Polymerization kinetics of TMPM by SET-LRP in isopropanol at 25 oC with 5 cm of hydrazine activated 
copper wire (Φ= 0.893 mm) and molar ratio of [TMPM]/[EBiB]/Cu(II)Br2/Me6TREN  was 50/1/0.05/0.8. (a) Mn and 
dispersity (Ð) of PTMA oxidized from corresponding PTMPM samples versus monomer conversion and (b) 
Ln([M0]/[M]) versus polymerization time. 
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values but slightly higher than those from SEC, and all dispersity values were between 1.11 
to 1.35 (Figure 4-2).  
 
Generally, there are two commonly used methods to oxidize PTMPM to PTMA. The 
first one uses m-chloroperbenzoic acid (mCPBA) in an inert solvent such as dichloromethane 
or chloroform.25, 33 The second one utilizes Na2WO4·2H2O/EDTA/H2O2 combination in 
methanol.38, 45 Although previous synthesis used both methods, there is no report comparing 
their oxidation efficiency. Here, by taking PTMPM228 as an example, we carried out the 
oxidation using both Na2WO4·2H2O/EDTA/H2O2 and mCPBA/DCM oxidation systems. The 
former combination in methanol gave PTMA228 with Mn of 46,900 and Ɖ of 1.31. However, 
the latter produced PTMA showing both high and low molecular weight tailing, and an Mn of 
40,900 and dispersity Ɖ of 4.31 (Figure 10-5a). The radical concentration of PTMA oxidized 
by mCPBA was slightly low than that by H2O2 in methanol as characterized by UV-Vis 
(Figure 10-5b). It suggests possible further reactions of nitroxide radicals on PTMA with 
mCPBA in accord with previous reports.46-47 Moreover, oxidation by the more expensive 
mCPBA requires aqueous work up to remove the by-product m-chlorobenzoic acid, while 
PTMA can precipitate out from methanol after oxidation in a cost-effective H2O2/methanol 
mixture. We therefore carried out the oxidation reaction for all the PTMPM by using the 
Na2WO4·2H2O/EDTA/H2O2 combination in methanol. In addition, we also observed a small 
amount of gel-like product (~ 5 wt%) formed after oxidation of PTMPM703 to PTMA703. This 
was removed by filtration before further characterization and electrochemical tests.       
Despite the availability of different techniques to quantify the oxidation efficiency or 
radical density (i.e., # radical/unit), each technique can give a different radical density value. 
In this work, we measured all the PTMA polymers by EPR, UV-Vis, and magnetic 
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Figure 4-2.  (a) SEC traces of PTMA with different DPs synthesized through variation of [M]/[I] ratio, and (b) theoretical 
molecular weight (Mn,Theo), molecular weight determined by SEC (Mn,SEC), Mn,NMR  and dispersity (Ð) versus [M]/[I] 
ratio. 
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susceptibility, respectively, in order to find out their effects on battery capacity. EPR 
characterization of all PTMA samples with different DPs showed broad singlets (Figure 4-3a) 
consistent with previous reports for PTMA polymers.43 By using 4-hydroxyl-TEMPO to 
establish the calibration curve (Figure 10-7), the radical concentration was calculated as shown 
in Figure 4-3d. The number of radical per repeating unit gradually increased from 0.61 to 0.80. 
It was also found that for all EPR spectra, a small shoulder was observed especially for those 
polymers with low DPs. This is due to incomplete oxidation leading to an inhomogeneous 
distribution of nitroxide radical side groups on the polymer backbone, in which this peak 
results from an isolated nitroxide side group surrounded by TMPM groups. Such isolated 
nitroxide radical side groups show the classic triplet splitting.43, 48 For the UV-Vis experiment, 
we measured the absorption of 4-hydroxyl TEMPO in dichloromethane at different 
concentrations to establish a standard calibration curve at 462 nm (Figure 10-8). The typical 
absorption at 462 nm is ascribed to n-π* transition of nitroxide radical with an extinction 
coefficient of 11.0 M-1 cm-1. All the PTMA samples showed the similar absorption at 462 nm 
(Figure 4-3b), through which the average number of radical per repeating unit was calculated. 
As seen in Figure 4-3d, the number of radicals per repeating units increased from 0.53 to 0.76 
with increasing DP. Owing to its paramagnetic property, the radical density of PTMA can also 
be quantified by magnetic susceptibility measurements. We measured the temperature 
dependent magnetic susceptibility ( χmeas) at applied magnetic field strength of 10 kOe with 
only field cooling (FC) mode due to a perfect overlap of the data acquired with zero field 
cooling (ZFC) and FC modes (Figure 10-9). Figure 4-3c depicts the χmeas versus temperature 
(T) in the range of 5 to 125 K. From Figure 4-3c, we can obtain the slope 1/C through a linear 
fit of χ-1 vs T according to Eq. (2). Using the measured C value for each PTMA polymer in 
Eq (6), we can calculate the radical density as illustrated in Figure 4-3d. The number of radical 
per unit increased from 0.78 to 0.90 with increasing DP. The results from magnetic 
susceptibility were slightly higher but still close to those from UV-Vis and EPR. Overall, the 
increase in radical density corresponded in an increase in molecular weight, indicating higher 
oxidation efficiency for higher molecular weight of PTMPM. The reason for this result is 
unclear. The slightly lower radical density for PTMA703 than PTMA483 may be due to the gel 
formation as mentioned previously.  
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Table 4-1. Data of SET-LRP of TMPM in isopropanol at 25 oC and their corresponding oxidized product PTMA. 
Entrya [M]/[I] Time(min) Monomer 
Conv.(%)b 
Mn,(Theo.)c Mn,(SEC)d Ɖd Mn,(NMR)e DPf Solubility (mg mL-1)g 
 1 50/1 60 90 11000 14300 1.11 16040 66 65.1 
2 100/1 90 83 20120 20600 1.15 23240 96 53.5 
3 250/1 180 95 57200 46900 1.31 54920 228 16.7 
4 600/1 300 84 121160 90300 1.24 116120 483 9.1 
5 1000/1 360 78 187400 131600 1.35 168920 703 3.0 
a All experiments with the same molar ratio of [EBiB]/Cu(II)Br2/Me6TREN = 1/0.05/0.8, and monomer 
concentration of 1.8 M. b Conversion was determined by 1H NMR spectra. c Theoretical molecular weights, 
Mn,Theo. were calculated based on monomer conversion. d Number-average molecular weights (Mn,SEC) and 
dispersity (Ð) of PTMA oxidized from corresponding PTMPM were derived from SEC with THF as eluent and 
PSTY as calibration. e Molecular weights, Mn,(NMR) were calculated according equation: 
Mn,(NMR)=(I4.99/I4.02)x240+195, where I4.99 and I4.02 were the integration of methane protons from 
TEMPO group and the methylene protons from initiator, respectively, 240 and 195 were the MW of TEMPO 
methacrylate and the initiator, respectively. f Degree of polymerization (DP) calculated from 1H NMR. g The 
solubility of PTMA in DMC with 1.0 M LiPF6 measured by UV-Vis, see Figure 10-6. 
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Figure 4-3. Characterization of PTMA with different DPs after oxidation by using Na2WO4·2H2O/EDTA/H2O2 
combination in methanol. . (a) EPR spectra of PTMA polymers in DCM, (b) UV-Vis spectra of n-π* absorption of PTMA 
polymers in DCM, (c) Low temperature paramagnetic susceptibility χp and its inverse χP-1 of PTMA polymers acquired 
at an applied magnetic field strength of 10 KOe with field cooling (FC) modes and diamagnetic contribution corrections, 
and (d) Comparison of number of radicals per repeating unit in PTMA determined by EPR (Red), UV-Vis (Green) and 
Magnetic susceptibility (Blue). 
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4.3.3 Molecular weight dependent electrode performance 
The electrochemical performance of battery is affected by different factors such as 
electrode composition, thickness, types of electrolyte, ion transport rate and so on. To 
investigate the impact of molecular weights on the electrode performance, we kept all the 
other parameters as close as possible by fixing the electrode composition to PTMA/SP 
carbon/PVdF = 0.25/0.65/0.10 using the same electrode preparation method. By using lithium 
foil as the anode and LiPF6 (1 M) in dimethyl carbonate (DMC) as the electrolyte, the coin 
cell was assembled to the test the electrochemical performance. The cycling performance of 
all PTMA electrodes were conducted at a voltage cut-off of 2.5-4.0 V at current density of 
1C. Figure 4-4a depicts the specific discharging capacity of PTMA cathode with different 
DPs over 300 cycles. Overall, it was clearly seen that by simply increasing the molecular 
weight of PTMA (i.e., DP from 66 to 703), the initial discharging capacity increased from c.a. 
30 to 67 mAh g-1, suggesting possible dissolution of polymer into electrolyte at the standing 
equilibrium stage (3h) before the battery measurement. This is also supported by the very 
different solubility of PTMA polymers with different molecular weights as listed in Table 
4-1. For PTMA66 and PTMA96, the discharging capacity decreased from 30 to 20 mAh g-1 and 
45 to 30 mAh g-1, respectively, with 0.11% capacity loss per cycle. The columbic efficiency 
firstly decreased to 70% and then increased to 90% for PTMA66, while for PTMA96 the 
efficiency gradually increased from 80 to 95% (Figure 10-10a and b). However, for PTMA228, 
PTMA483 and PTMA703, their capacities were relatively stable at 39, 56 and 67 mAh g-1, 
respectively, with less than 0.017% loss per cycle and high columbic efficiency i.e., 95 to 98% 
(Figure 10-10c, d and e). These results indicated the possible further dissolution of low 
molecular weight PTMA and its oxidation products into the electrolyte. Figure 4-4b presents 
galvanostatic charging/discharging profile of all PTMA batteries at the 150th cycle. A major 
charging/discharging plateau at 3.6 V vs. Li+/Li was ascribed to one-electron redox reaction 
of nitroxide radicals from PTMA. This coincides with the redox peak at 3.6V found in cyclic 
voltagrams as exemplified for PTMA483 in Figure 4-4c. The capacities at this plateau 
increased with increasing DP, indicating the capacities were primarily contributed by PTMA. 
A small blurred plateau at 2.6-2.8 V vs. Li+/Li was also found in most of samples presumably 
due to non-faradaic electron storage from carbon additives.5 To investigate the rate 
performance of PTMA cathode, we selected PTMA483 and PTMA703 as examples due to their 
relatively higher capacities in all polymers. When the current densities increased from 1C to 
80C, the discharge capacities slightly and steadily decreased. PTMA703 always showed higher 
capacities over different current density until it reached 80C. At 30C, about 65% of original 
capacities at 1C were retained for both PTMA483 and PTMA703, suggesting these PTMA 
cathodes have good rate performance (Figure 4-4d). To investigate whether the molecular 
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weight of PTMA affected the electrode impedance, AC impedance measurements were 
performed. Nyquist plots for all five PTMA samples showed the similar diameter of a quasi-
semicircle along the real axis, except for PTMA703 that gave a slightly higher value (Figure 
10-11). The results may indicate that the molecular weight played no significant role on the 
resistance of charge transfer at the electrode surface.49 
Since PTMA with different DPs have different radical densities, which were lower than 
1.0 as shown in Figure 4-3d, the theoretical capacities of as-synthesized PTMA therefore 
should be lower than the values based per TMA unit (i.e., 111 mAh g-1). Considering this, the 
theoretical capacities varied with DP with an average of ~70 to 100 mAh g-1 and following a 
similar tendency as the changing of radical density (Figure 4-5, open bar). By comparing the 
specific discharge capacities at the 300th cycle obtained from Figure 4-4a to the theoretical 
capacities, we can obtain their relative capacities (solid bar) that revealed the influence of 
molecular weights on specific capacities when radical densities were considered. It was clearly 
seen that higher molecular weight PTMA gave a higher relative capacity. Even with a slightly 
lower radical density for PTMA703, it still showed the highest relative capacity (average about 
80%). These results imply that the molecular weight and radical density could have significant 
impacts on their electrochemical properties such as specific capacities, and should be 
considered especially when comparing their battery performance from one work to another. 
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4.4 Conclusion 
In summary, we reported the synthesis of PTMA with different molecular weights 
through an SET-LRP of TMPM followed by oxidation. SET-LRP of TMPM ([TMPM] = 1.8 
M) using copper wire and Me6TREN as catalyst in isopropanol at 25 oC showed only a 10 min 
induction time and an apparent propagation rate constant kpapp of 8.1 x 10-4 s-1 that was five 
times faster than previous reports. PTMA with DPs ranging from 66 to 703 were synthesized 
with the highest molecular weight of 169 kDa. Radical densities of PTMA per unit depended 
on the molecular weight of PTMPM and the measurement methods. Furthermore, the 
electrochemical performance of PTMA as cathode in a coin cell demonstrated the strong 
dependence on molecular weight. The higher the molecular weight of PTMA, the higher the 
discharge capacity and better rate performance. In particular, even with only 25 wt% of active 
polymer in the electrode composite, PTMA703 showed very stable cycling stability with 
specific discharge capacity of 67 mAh g-1 over 300 cycles while maintaining a 65% capacity 
at a current density of 30C compared to that at 1C. 
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Chapter 5 Pyrene-functionalized PTMA by NRC for greater π-π stacking with 
rGO and enhanced electrochemical properties 
Although the high molecular weight PTMA483 and PTMA703 produced in the previous chapter 
possess good cycling stability in battery application, the poor micibility between PTMA and 
conductive carbon additives gave low efficient electron flow in the electrode layer. This necessitates 
the addition of large amounts of carbon, mostly by physical blending, to ensure a quantitative redox 
of the loaded nitroxide radical. As a result, the ratio of electrochemically active PTMA in the electrode 
is significantly decreased to between ~10 to 30 wt%. This mcibility issue led to a low practical 
capacity, especially at high C-rate, as well as low energy and power desity of the fianl electrode. Such 
challenges hinder the further development of plastic batteries and their application in the rapidly 
growing wearable technology market. It is therefore crucial to develop a new model which allows an 
improved electron flow in PTMA electrode layer so as to achieve maximal performance. In this 
chapter, we introduce pyrene groups along the PTMA chain using the single electron transfer-
nitroxide radical coupling (SET-NRC) reaction. The π-π interaction between pyrene and carbon base 
(rGO) allowed a molecular dispersion of pyrene functionalized PTMA in rGO base using a solution 
process. The battery tests using 5 mol% pyrene functional PTMA improved the battery performance 
significantly with respect to the cycling stability and C-rate capability at high a PTMA loading ratio. 
5.1 Introduction 
There is an ever-increasing need for rechargeable batteries to power the new and emerging 
portable, wearable and implantable electronic devices.1-3 The materials required to fabricate these 
batteries should be easy to produce, environmentally benign and flexible.4-6 Studies in past decades 
have revealed that redox active polymers, such as conductive polymers,7-10 organic carbonyl 
polymers11-14 and organic radical polymers15-17 have been the most promising organic electrode 
materials that could meet these requirements. In particular, organic radical polymers have attracted 
considerable interest due to their designable material features and extraordinary redox chemistry. 
One representative organic radical polymer consists of pendant 2,2,6,6-
tetramethylpiperidinyl-1-oxyl (TEMPO) groups, which can undergo reversible TEMPO0/+ redox 
reaction. TEMPO radical polymers have been widely studied in solid batteries,16, 18 supercapacitors,19-
20 flow batteries,21 and other electronic devices.22 The high electron-transfer rate constant for the 
nitroxide radical (>10-1 cm s-1) in solution and rapid electron exchange (kex = 105-7 M-1 s-1) between 
the TEMPO radicals makes these polymer batteries with a potential high rate capability and power 
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output.23 In reality, the limited conductivity of the polymer backbone impedes the electron transport 
throughout the electrode layer, leading to the low charging/discharging capacity at high rate.24 
Moreover, the dissolution of active polymers in organic electrolyte leads to the unavoidable cycling 
capacity fading.25  
To overcome these limitations, TEMPO radical polymers have been grafted to the surface of 
the nanostructured carbons, including carbon nanotubes (CNTs) and graphene sheets, due to their 
large specific surface area, superior conductivity and mechanical properties.26-27 PTMA has also been 
grafted from the CNTs and graphene oxide (GO) sheets through SI-ATRP.28-29 Alternatively, TEMPO 
containing polynorbornene was covalently linked to CNTs through both ‘grafting to’ and ‘grafting 
from’ approaches.30 These strategies have demonstrated the enhanced battery performance by 
improving not only the contact between radical polymers and carbon materials but by preventing the 
dissolution of polymers into electrolyte. Such grafting methods, however, require multiple chemical 
modification of nanostructured carbons,28-30 which are synthetically tedious and known to diminish 
the conductivity of nanostructured carbons.29 Furthermore, the grafting efficiency varies from surface 
to surface, and these polymerization techniques often lead to batch to batch variation. These synthetic 
issues hinder the further application of radical polymer based electrode materials.  
The noncovalent π-π stacking interaction between polycyclic aromatic compounds (i.e., 
pyrene) and nanostructured carbon have also shown great success in preparation of composite 
materials for energy, biosensing, and biomedical applications.31 Pyrene functional polymers were 
synthesized through either polymerization with pyrene-functionalized initiators32-34 or pyrene-
containing monomer35 or via post-modification of polymer chain ends with pyrene groups.36-38 These 
polymers enhanced interactions with graphene sheets or CNTs to form highly homogeneous 
composites. However, surprisingly these strategies have not been used to functionalize nitroxide 
radical polymers with pyrene for producing well-dispersed nanostructured carbons in electrochemical 
applications, possibly due to the synthetic complexity. It is known that nitroxide radicals can not only 
be used for redox energy storage, but also are widely employed for quantitative ‘click’ coupling 
reactions. Our group has reported a rapid and highly efficient single electron transfer-nitroxide radical 
coupling (SET-NRC) reaction. In the presence of Me6TREN ligand and DMSO solvent, Cu(I)Br 
rapidly disproportionates into nascent Cu(0) nanoparticles and abstracts the bromine groups to form 
incipient carbon-centered radicals. These radicals are then trapped by the nitroxide radicals at close 
to diffusion-controlled rate, leading to an ultrafast, quantitative and selective ‘click’ coupling 
reaction.39 This SET-NRC reaction is also orthogonal that allows quantitative functionalization of 
polymers with diverse functionalities.40 Therefore, utilizing the nitroxide radical for both SET-NRC 
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‘click’ reactions and redox energy storage would provide a great opportunity for a simple and efficient 
synthesis of pyrene functional nitroxide radical polymers. This polymer will further allow the 
homogeneous dispersion of nanostructured carbons, in which the nitroxide polymer can be 
intercalated between the carbon layers to achieve high radical-carbon contact.  
Herein, we report a versatile method to prepare pyrene functional PTMA through a one-step, 
rapid SET-NRC reaction, with precise control over the number of pyrene groups along the polymer 
chain. These randomly distributed pyrene groups can bind to reduced graphene oxide (rGO) through 
noncovalent π-π stacking, leading to our newly designed electrode composite with an easily 
adjustable polymer content and improved cyclability at high C-rates. The key to this method is to 
utilize the TEMPO radicals in PTMA for both the highly efficient SET-NRC ‘click’ reaction and 
reversible redox reaction (Scheme 5-1a). In our design, PTMA is first randomly modified with pyrene 
groups through a SET-NRC reaction to afford P(TMA-co-PyMA) (Scheme 5-1b). Then using a 
solution process, pyrene groups on P(TMA-co-PyMA) polymers are able to interact with rGO through 
π-π interaction, providing a homogeneous dispersion of rGO in an organic solvent (i.e., 
tetrahydrofuran), thereby forming layered composites after drying (Scheme 5-1c). We tested these 
composites as the electrode in a lithium-ion battery, and determined the effect of layered composites 
on battery performance at different polymer (24−45%) contents. It was found that these electrodes 
demonstrate enhanced electrochemical performance with minor capacity loss of only 0.02−0.09 % 
per cycle at C-rates of 5−20 C (i.e., 0.55 to 2.2 A g-1). 
 
 
5.1.1 Aim of the chapter 
The aim of this work is to introduce pyrene groups onto PTMA backbone via SET-NRC. 
Through pyrene-rGO π-π interaction, a molecular level dispersion of pyrene functional PTMA within 
rGO carbon base can, therefore, be achieved. The dispersion improved polymer/carbon nanostructure 
is believed could greatly increase the mass loading ration of PTMA and cycling stability of the final 
electrode without trading off the C-rate capability. 
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Cu(I)Br/Me6TREN
Toluene/DMSO, 25 oC
+
x=0.059, P(TMA455-co-PyMA28)
x=0.096, P(TMA437-co-PyMA46)
x=0, PTMA483
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SET-NRC Reversible Redox
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(c)
+
rGO
Sonication in solvent
Layered PTMA/rGO (Cathode material)
π-π stacking
SET-NRC
Scheme 5-1. (a) SET-NRC reaction and TEMPO0/+ redox reaction couple of TEMPO radical, (b) Synthesis of P(TMA-
co-PyMA) through SET-NRC reaction, and (c) Formation of a layered PTMA/rGO composite through noncovalent π-π 
stacking between pyrene groups and rGO sheets 
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5.2 Experimental 
5.2.1 Materials 
Common solvents were HPLC grade and used as recieved. 1-Pyrenemethanol (Sigma-
Aldrich, 98%), 2-bromopropionyl bromide (Sigma-Aldrich, 97%), ethyl α-bromoisobutyrate (Sigma-
Aldrich, 98%).titanium(IV) butoxide (Sigma-Aldrich, reagent grade, 97%), aluminum oxide (Sigma-
Aldrich, activated, basic) and copper(II) bromide (Sigma-Aldrich, >99%) were used as received. 
2,2,6,6-Tetramethyl-4-piperidone (Sigma-Aldrich, 95%) was distilled prior use. Copper wire 
(Φ=0.893 mm) were activated with hydrazine for 30 min, rinsed by acetone and dried under Ar flow 
prior use. Reduced graphene oxide (rGO) was kindly provided by Prof. Jingquan Liu (Qingdao 
University).  
5.2.2  Synthetic procedures 
5.2.2.1  Synthesis of pyren-1-ylmethyl 2-bromopropanoate 
A round bottom flask equipped with a magnetic stir bar and a rubber septum was charged with 
anhydrous THF 30 mL, triethylamine 0.81 mL (5.69 x 10-3 mol), pyren-1-ylmethanol 1.2 g (5.17 x 
10-3 mol). Then 2-bromopropanoyl bromide 0.63 mL (6.02 x 10-3 mol) in 10 mL THF were dropped 
to the flask in 20 mins with ice-water cooling. The resulting homogeneous reaction mixture was 
stirred at room temperature for overnight. Salt was filtered and the filtrate was concentrated via 
evaporation, which was purified by silica gel flash chromatography (2:1 Petroleum: Ethyl acetate) 
and recrystallized in MeOH to give 1.32 g yellow solid (yield: = 69.8 %). Rf=0.9 (1:1 Petroleum: 
Ethyl acetate). ESI-MS: Cald. (C20H15BrO2+Na
+) 389.02, 391.01; found: 388.86. 390.91. 1H NMR 
(400 MHz, CDCl3) δ: 1.835 (3H, d, J=4 Hz), 4.43 (1H, q, J=16 Hz, 8 Hz), 5.93 (2H, s), 8.02-8.30 
(9H, m); 13C NMR (100 MHz, CDCl3) δ: 21.68, 40.10, 66.29 and 122.83-131.21, 170.21. 
5.2.2.2  Functionalizing PTMA polymers with pyrene by NRC 
Typically, PTMA483 synthesized according our previous report,41 0.10 g (4.16 x 10
-4 mol) was 
added to a stirred solution of pyren-1-ylmethyl 2-bromopropanoate 7.6 mg (2.08 x 10-5 mol) and 
Me6TREN 11.1 μL (4.16 x 10
-5 mol) in 4 mL toluene/DMSO (v/v, 1/1) solution. The reaction mixture 
was then purged with argon for 20 min. Cu(I)Br 6.0 mg (4.18x 10-5 mol) was then added to the 
solution under a positive flow of argon. The reaction was sealed and stirred for 1 h at 25 oC in a 
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temperature controlled oil bath. Solvent toluene in the resulting mixture was removed by air below. 
With the evaporation of toluene, the polymer gradually precipitated out in the residual DMSO. The 
precipitated polymer was then washed with 5 mL water/MeOH (1:1, v/v) to remove the unreacted 
pyrene and copper salt.  After that, polymer was dissolved in 5 mL DCM and the copper salt was 
removed by passage through an activated basic alumina column. The solution was concentrated by 
rotary evaporation. The polymer obtained was dried under high vacuum for 24 h at 25 oC for further 
SEC, dynamic light scattering (DLS) and electrochemical characterizations. 
5.2.2.3  Trapping nitroxide radicals on PTMA polymers with EBiB by NRC 
100 mg of pyrene functionalized PTMA (PTMA455-co-PyMA28, PTMA437-co-PyMA46) was 
dissolved in a mixture of DMSO/toluene (1:1, v/v) 4 mL in a Schlenk tube. Then excessive EBiB 200 
μL (1.35 x 10-5 mol) and Me6TREN 100 μL (3.72 x 10
-4 mol) was added to the solution, after which 
the mixture was purged with argon via a long needle for 30 mins. Finally, Cu(I)Br 50 mg (3.48 x 10-
4 mol) was added to the solution in one portion under positive argon pressure. Reaction was left at 
room temperature for 1h. The solvent toluene in the resulting mixture was removed by air below and 
precipitated polymer was washed with 5mL water/MeOH (1:1, v/v). After that,  polymer was 
dissolved in 5 mL DCM and the copper salt was removed by passage through an activated basic 
alumina column. The polymer solution was concentrated by rotary evaporation and dried under high 
vacuum for 24 h at 25 oC for NMR measurements. 
5.2.2.4 Synthesis of polymer/rGO composite 
For the preparation of electrodes, a specific amount of rGO (Table 11-1) was dispersed in 
THF (2 mg/mL) and sonicated for 10 mins to form an evenly dispersed suspension. Then polymer 
PTMA483, P(TMA455-co-PyMA28) and P(TMA437-co-PyMA46) solution (5.0 mg/mL) in THF was 
slowly dropped into the mixture, which was further sonicated for another 10 mins. Finally, the 
polymer-graphene suspension was stirred in open air for overnight to get polymer-graphene 
composites (Table 11-1). These composites were then directly used for preparing the working 
electrodes by mixing with Ketjenblack (KB) carbon and poly(vinylidene fluoride) (PVdF) in NMP to 
form a slurry. Then the slurry was coated on an aluminum foil current collector via doctor blade 
method with thickness of 15 μm. The electrodes were dried in vacuo at 60 °C for 12 h to remove the 
solvent before cell assembling. The active polymer loading in one electrode sheet was between 0.45-
0.65 mg. The polymer-graphene composite samples for stability test, SEM, and XRD characterization 
was prepared using the same method. First, sonicating 2.0 mg/mL graphene THF suspension 5 mL 
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for 10 mins, to which 2.0 mg/mL polymer (PTMA483, P(TMA455-co-PyMA28) and P(TMA437-co-
PyMA46)) THF solution 5 mL was dropped under stirring to get a polymer/graphene 1:1 (w/w) 
suspension. The mixture was further sonicated for another 10 mins. The polymer/graphene 
suspension was then used directly for stability test, SEM, and XRD characterization.  
5.2.2.5  Coin cell fabrication  
The electrochemical performance of polymer/rGO composites were measured with 2032 coin 
cells assembled in an Argon-filled glovebox. The working electrodes were cropped as circles with 
diameter 1 cm. Lithium foil was used as the counter and reference electrodes, and porous glass fiber 
(What-man) was used as a separator. The electrolyte was LiPF6 (1 mol/L) in dimethyl carbonate 
(DMC). Cyclic voltammetry was performed on CHI 760D electrochemical working station with scan 
rate 0.2 mV/s ranging from 2.0 to 4.0 V. Galvanostatic cycling tests of the assembled cells were 
performed on a LAND CT2001A system in the range 2.0−4.0 V. 
5.2.3  Analytical methodologies 
Analysis of the molecular weight distributions of the polymers was accomplished on size 
exclusion chromatography (SEC) using a Waters 2695 separations module, fitted with a Waters 410 
refractive index detector at 35 oC, a Waters 996 photodiode array detector (PAD), and two 
Ultrastyragel linear columns (7.8 x 300 mm) arranged in series. PS standards (PDI=1.1) ranging from 
500 to 2 million g/mol were used for the calibration. The samples were eluted at a flow rate of 1.0 
mL/min using THF as eluent. 1H and 13C Nuclear Magnetic Resonance (NMR) Spectroscopy were 
recorded on a 400 MHz at 25 °C using an external lock (CDCl3) and referenced to the residual non-
deuterated solvent (CHCl3).  Electron Paramagnetic Resonance (EPR) spectra were recorded with a 
Bruker E540 spectrometer operating at X-band (~9.8 GHz) and using a Bruker ER4122SQE-W1 high 
sensitivity resonator.  Samples were measured in a 1.5mm internal diameter capillary with the 
following instrumental parameters, microwave power = 0.635 mW, modulation amplitude = 1 G. The 
spectra were processed using Bruker Xepr software. X-ray diffraction (XRD) spectra were recorded 
on a Bruker, D8-Advance X-ray diffractometer. Cu Kα, λ = 0.15406 nm was applied to test the solid 
phase of the synthesized rGO/polymer composite. The solution of rGO or PTMA/rGO composites in 
THF were dropped onto a silicon chip and allowed to dry under vacuum. It was imaged uncoated in 
a JEOL JSM-7800F field emission Scanning Electron Microscopy (SEM) at 1kV accelerating 
voltage. The sample was then imaged with the in-lens Upper Electron Detector (UED) with a positive 
bias filter that allowed the detection of both secondary and backscattered electrons for image 
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formation. The stage was also given a negative bias, gentle beam (GB) mode, to reduce chromatic 
aberration and increase electron emission from the sample. 
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5.3 Results and discussion 
5.3.1 Synthesis and characterization of pyrene functionalized PTMA 
TEMPO radical polymers have broad applications in energy storage.42 As described above, 
TEMPO radical polymers can also be used to covalently couple diverse of functional groups to 
polymers via the SET-NRC reaction.40, 43-44 We, therefore, utilize TEMPO radicals for both chemical 
modification through the SET-NRC reaction and for energy storage through the reversible redox 
reaction (Scheme 5-1 a). In our previous work, we found that the higher the molecular weight, the 
higher of the discharge capacity due to the lower solubility of PTMA in the electrolyte solution.41 
The optimal battery performance was obtained using an Mn of 116 kDa (PTMA483 and Ð=1.24), and 
thus this polymer was used in this work. Different to the PTMA with pyrene chain end which was 
generated through pyrene functionalized initiator,45 here we targeted multiple pendent pyrene groups 
(i.e., 5 and 10 mol % of TEMPO radicals to be coupled with pyren-1-ylmethyl 2-bromopropanoate, 
PMBP) (Figure 11-1, Figure 11-2, Figure 11-3) through an SET-NRC reaction (Scheme 5-1b). The 
coupling reaction was carried out in a toluene/DMSO mixture (1/1 v/v) that provided good solubility 
for all reactants and fast disproportion of Cu(I)Br to nascent Cu(0) species. The rapid abstraction of 
the bromine group from PMBP to form the incipient carbon-centered radical was instantly trapped 
by the TEMPO radicals to afford P(TMA-co-PyMA) in only 10 min at 25 oC. The quantification of 
the pyrene groups per polymer chain was elucidated using NMR by trapping the remaining TEMPO 
groups with ethyl α-bromoisobutyrate (EBiB) using SET-NRC. Figure 5-1a showed the typical 1H 
NMR spectrum of P(TMA-co-PyMA) after being trapped with EBiB. A broad peak at 8.1 ppm was 
ascribed to aromatic protons of pyrene groups and the peak at 4.1 ppm was ascribed to the methylene 
protons of EBiB, allowing calculation of pyrene groups on PTMA. The data showed that 5.9 % (24 
pyrene groups) and 9.6% (46 pyrene groups) were coupled to the polymer backbone, denoted as 
P(TMA455-co-PyMA28) and P(TMA437-co-PyMA46), respectively. These percentages are very close 
to that targeted 5 and 10 mol%, respectively, suggesting a very high coupling efficiency using the 
SET-NRC reaction (Figure 11-4). In contrast to those polymers prepared through either pyrene 
functional initiators or chain end modification that lead to low pyrene content especially at high 
molecular weight, our strategy has no molecular weight dependence and more importantly provides 
precise control over the number of pyrene groups that are randomly distributed along the polymer 
chain. 
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Figure 5-1. (a) 1H NMR spectrum of P(TMA437-co-PyMA46) after trapping all the nitroxide radicals by SET-NRC 
reaction, (b) SEC traces, (c) UV-Vis spectra and (d) electron paramagnetic resonance (EPR) spectra of PTMA483 and its 
pyrene-modified products P(TMA455-co-PyMA28) and P(TMA437-co-PyMA46).  
The polymers were also characterized by size exclusion chromatography (SEC) equipped with 
a photodiode array (PDA) detector. Figure 5-1b displays the SEC traces of PTMA483 before and after 
modification with pyrene. P(TMA455-co-PyMA28) shows a small increase in the molecular weight 
after pyrene incorporation. However, with the greater percentage of pyrene groups, P(TMA437-co-
PyMA46), there was no significant change in the molecular weight possibly due to increased 
intramolecular π-π stacking resulting in smaller hydrodynamic volume on the SEC columns.46 This 
was further supported by a DLS measurement of all three samples in THF. PTMA483 showed a 
hydrodynamic volume (Dh) of 10.8 nm and P(TMA455-co-PyMA28) of 13.0 nm, whereas P(TMA437-
co-PyMA46) had a smaller size (Dh=12.6 nm) compared to P(TMA455-co-PyMA28) (Figure 11-5). 
This supports our assertion that stacking of pyrene groups within the polymer chain will lead to 
smaller coil hydrodynamic volumes. Successful modification of PTMA483 with pyrene groups is 
further evidenced by UV-Vis spectra recorded by the PDA detector from SEC. Figure 5-1c shows 
that PTMA483 only had absorptions at 250 and 460 nm, both belonging to the TEMPO radicals. For 
P(TMA455-co-PyMA28) and P(TMA437-co-PyMA46), the multiple absorption peaks from 250-400 nm 
ascribed to pyrene were observed. Moreover, the absorption at 470 ascribed to the n-π* transition of 
nitroxide radical decreased with increasing percentage of pyrene. The majority of TEMPO radicals 
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were intact during the NRC reaction as the pyrene modified PTMA polymers showed similar electron 
paramagnetic resonance (EPR) spectra as pristine PTMA483 (Figure 5-1d). Note that the decrease of 
TEMPO radical concentration from UV-Vis and EPR spectra indicated more TEMPO radicals being 
trapped by pyrene, the number of pyrene groups calculated was found greater than the targets possibly 
due to the interference from pyrene. Hence, only NMR spectra were used for pyrene quantification.  
5.3.2  Forming and characterizing sandwich-like polymer/rGO nano composite 
Recently,  research on nitroxide radical47 and its polymer cathodes by using nanoscale 
carbon48 with large surface area such as rGO have significantly increased their discharge capacity in 
a lithium battery.49-50 Through physical blending of 10 wt% of PTMA with rGO and carbon black as 
cathode for lithium battery, the specific discharge capacity of 200 mAh g-1 was attained at current 
density of 1C.49 Intuitively, the physical blending with sonication of our P(TMA-co-PyMA) and rGO 
should provide the facile formation of well-dispersed PTMA/rGO composites through noncovalent 
π-π stacking between pyrene groups and planar graphene surface. This methodology has been applied 
in many other applications. By adding the polymer solution to the rGO suspension (both in THF) 
during sonication, we obtained a well-dispersed polymer/rGO composite with no obvious 
sedimentation even after 7 days (Figure 5-2a). The composite has been found to be stable after being 
observed for a month thus far (data not shown). This is a contrast to rapid rGO precipitation in THF 
and the slower precipitation of a mixture of PTMA483 and rGO (~3 days). Taken together, the data 
support our postulate that pyrene groups along the backbone provide greater interaction with the rGO 
and thus greater stability in an organic solvent.  
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Figure 5-2. (a) PTMA/rGO composite suspension prepared by noncovalent π-π stacking in THF via ultrasound aided 
dispersion, (b) Scanning electron microscopy (SEM) images of rGO and its PTMA composites: (i) PTMA483/rGO, (ii) 
P(TMA455-co-PyMA28)/rGO and (iii) P(TMA437-co-PyMA46)/rGO, (iv) rGO, SEM samples were prepared by spotting a 
drop of suspension on the sample platform and air-dry. (c) X-ray diffraction (XRD) patterns of rGO and its polymer 
composites. Polymer/rGO=50/50 (w/w). (d) Proposed layered P(TMA-co-PyMA)/rGO composite. 
The morphologies of these composites were then imaged by scanning electronic microscopy 
(SEM) after drying for ~16 h as shown in Figure 5-2b. The pristine rGO clearly showed flat-layered 
morphologies with nanosheets possibly containing a single or few layers of rGO sheets (arrow in 
Figure 5-2b (i)). For PTMA483/rGO, similar morphologies were observed (Figure 5-2b ii). 
Conversely, P(TMA-co-PyMA)/rGO samples exhibit very different morphologies with no obvious 
single or few-layered rGO observed, instead all the rGO sheets were tightly stacked together (Figure 
5-2b iii and iv). We propose that, upon the evaporation of solvent, pyrene modified PTMA polymers 
stack on the rGO surface as ‘glue’ and bring the rGO sheets together, forming multilayered 
composites. To confirm their microstructure, these composites were also characterized by X-ray 
diffraction (XRD). As shown in Figure 5-2c, the pristine rGO and PTMA486/rGO composite showed 
a strong diffraction peak located at 24o (2θ) corresponding to d-spacing of 3.7 Å of rGO sheets.36 For 
the composites consisting of P(TMA455-co-PyMA28) and P(TMA437-co-PyMA46), the peak intensity 
at 24o decreased and the full width at the half maximum of the peak from 20o-30o increased from 4.1o-
5.0o. This indicated that stacked flat rGO sheets were disordered by the pyrene functional PTMA 
polymers.37 The intercalation of  P(TMA-co-PyMA) between rGO sheets resulted in a greater spacing 
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was further evidenced by the new broad peak appeared at ca. 13.5o (i.e., d-spacing of 6.5 Å). The 
increased spacing distance between rGO sheets was attributable to the PTMA chains lying flat on the 
rGO surface with multiple pyrenes stacking onto the rGO. These morphologies and XRD 
characterization were found similar to those multilayered composites prepared through intercalation 
of polymer into graphite oxide.51 A proposed layered structure was given in Figure 5-2d. 
5.3.3  Electrode performance of the sandwich-like polymer/rGO nano composite 
Superior performance of radical polymer batteries relies on the excellent contact of active 
polymer with carbon additives. In order to evaluate the electrochemical performance of the 
PTMA/rGO composites prepared by our strategy, electrode composites with different pyrene contents 
in PTMA (i.e., 0, 5.9 and 9.6 mol%) as well as different PTMA contents (i.e., 24, 35, and 45 wt%) in 
final electrodes were tested in a lithium battery (Table 11-1). First, we studied the galvanostatic 
charge/discharge behavior of our PTMA/rGO electrode. The initial charge/discharge curves of the 
PTMA/rGO composite electrodes with 35 wt% of polymer content at a current density of 1 C 
(equivalent to 0.11A∙g-1) demonstrated an open-circular voltage of 3.1 V vs. Li/Li+ and a greater 
discharge capacity than charge capacity for all three samples (Figure 11-6). While at the 2nd cycle as 
shown in Figure 5-3a, the charge and discharge capacities were close and a major plateau appeared 
at 3.6 V vs. Li+/Li for three polymer electrodes corresponding to the typical TEMPO0/+ redox couple, 
which was consistent with the redox peaks observed at 3.6 V from cyclic voltammetry (CV) in Figure 
5-3b. This was consistent for the electrode composites at 24 and 45 wt % of polymers (Figure 11-6). 
The very small peak-to-peak separation (ΔEP=Ep[Ox]-Ep[Re]) of only 9 to 14 mV suggests rapid 
counterion transport and efficient electron transfer through the electrode layer.30 Moreover, a 
secondary redox wave was observed at 2.7-3.1V which was consistent with the previous report and 
ascribed to the reduction of nitroxide radicals to the aminoxyl anions.49-50 With P(TMA455-co-
PyMA28), the peak was more pronounced suggesting that better connection between polymer and 
rGO could enhance the reduction reaction. The charge/discharge slopes from 2.0-3.2 V were found 
for all three samples corresponding to the rectangle-like CV curves from 2.0-3.2 V. Since the rGO 
used in this work was prepared from thermal reduction of GO at 600 oC with 12.4 % of residual 
oxygen (Figure 11-7), this may contribute to the energy storage from surface Faradaic reaction of 
rGO with lithium-ion.52-54 Moreover, the layered spacing distance increased from 3.7 to 6.5 Å when 
pyrene functionalized PTMA intercalated between the rGO sheets, which facilitate lithium ion 
transport and reaction. These above factors add extra capacity to the electrodes as the theoretical 
capacity of PTMA0/PTMA+ is only 111 mAh g-1. In addition, the composites morphologies were 
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further imaged by SEM (Figure 11-8) and no obvious morphology changes after charging and 
discharging comparing to those pristine layered composites in Figure 5-2b. 
 
Figure 5-3. (a) Galvanostatic charge/discharge profile at 2nd cycle at 1C and (b) Cyclic voltammetry curves at scan rate 
of 0.2mV/s, the electrochemical performance of PTMA/rGO cathode in a lithium coin cell with 
PTMA/rGO/KBC/PVdF=0.35/0.35/0.2/0.1, the capacities were calculated based on polymer contents. 
To further investigate the rate performance and cycle life of the composites, electrodes with 
24 wt% polymer content were first tested directly from layered composites without adding any more 
conductive carbon. Figure 5-4a showed the discharge capacities based on polymer contents at 
different C-rate for all three composites. The capacities for PTMA with different pyrene contents at 
1 C were about 250 mAh g-1. The capacities then dropped with the increased C-rate. However, 
P(TMA455-co-PyMA28)/rGO always maintained higher capacities than the other two polymers. 
Especially at current density of 0.55 A g-1 (5 C), electrode consisting of P(TMA455-co-PyMA28)/rGO 
retains much higher capacity (i.e., 125 mAh g-1) than that of P(TMA437-co-PyMA46)/rGO (i.e., 80 
mAh g-1) and PTMA483/rGO (i.e., 13 mAh g-1). Moreover, the cycling experiment showed that at 1C-
rate the capacity loss for pyrene-functionalized samples was about 0.18% per cycle. While for 
PTMA483/rGO, the capacity dropped from 225 mAh g-1 to 80 mAh g-1 with much higher capacity loss 
of 0.6% per cycle (Figure 5-4b). Although pyrene functionalized PTMA displayed better cycle life, 
the capacity loss for all three polymers was still significant, which suggests that only rGO may not 
able to provide sufficient conductivity to the electrode to facilitate high rate performance and cycling 
stability. 
Radical polymer content in the composite can also affect the battery performance. High 
polymer content can impart the electrode with superior polymer properties as well as high capacity 
when calculated from the total weight of the electrode. Thus, we further increased the polymer content 
to 35 and 45 wt% but with the addition of KB carbon to increase the conductivity. In comparison, the 
specific discharge capacities decreased from around 225-260 mAh g-1 to 150-160 mAh g-1 then to 
130-160 mAh g-1 at a current density of 0.11 A g-1 (1 C) when the polymer contents increased from 
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24 to 35 then to 45 wt%, respectively (Figure 5-4a, 4c and 4e). Comparing Figure 5-4a, 4c and 4e, 
it was also found that at different polymer contents, P(TMA455-co-PyMA28)/rGO always 
demonstrated higher capacities especially at the current density greater than 0.22 A g-1 (2C). The 
addition of KB carbon for 35 and 45 wt% of polymer composites provided overall higher capacities 
comparing to that of 24 wt% without KB carbon, such as > 100 mAh g-1 at 10C for 35 wt% of 
polymers and > 70 mAh g-1 at 5C for 45 wt% of polymers, respectively. Furthermore, the 
electrochemical properties of three polymer electrodes at 35 wt% of polymer content without addition 
of rGO were also tested. The discharge capacities were less than 60 mAh g-1 when the discharging 
rates were greater than 5C (Figure 11-9). While cycling at 1C, there was obvious capacity fading 
over 70 cycles comparing to those P(TMA-co-PyMA)/rGO samples, suggesting the synergestical 
effect of pyrene and rGO for the enhanced capacity and rate performance of PTMA polymers. 
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Figure 5-4. Rate performance (a, c, e), and cycling stability (b, d, f) of layered PTMA/rGO composite electrodes tested 
in lithium-ion batteries. The polymer contents in the final electrodes were 24 wt% for (a) and (b), 35 wt% for (c) and (d), 
and 45 wt% for (e) and (f), respectively.  
 
In particular, when the cycling stability was tested at the current density of 20C over 400 
cycles, the composite with 35 wt% P(TMA455-co-PyMA28) showed a capacity of 20 mAh g-1 (30%) 
higher than that for both PTMA483 and P(TMA437-co-Py46), with only 0.02% capacity loss per cycle 
(Figure 5-4d). When polymer content increased to 45 wt% and the current density was 5C (Figure 
5-4f), the capacity for P(TMA455-co-PyMA28) remained the highest of all three polymers and 
maintained 80 mAh g-1 after 300 cycles with the capacity loss per cycle of 0.09%. It was noted that 
P(TMA455-co-PyMA28) always displayed better cell performance, indicating the number of pyrenes 
was important for PTMA chain efficiently lying flat on the rGO surface by π-π stacking. Whereas 
P(TMA437-co-PyMA46) did not show the improved performance than P(TMA455-co-PyMA28) or 
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PTMA483. It was postulated that more pyrene groups for P(TMA437-co-PyMA46) could lead to some 
intramolecular π-π stacking between pyrene groups, resulting in less interaction between polymer 
chain and rGO, and thus lowering the electron transfer efficiency. Moreover, the lowest radical 
content for P(TMA437-co-PyMA46) due to more TEMPO groups being trapped by pyrene also 
sacrificed the theoretical capacity. Both reasons compromised the overall battery performance for 
P(TMA437-co-PyMA46). In addition, through comparing the P(TMA455-co-PyMA28) electrodes at 
different polymer contents, we found that 35 wt% of polymer demonstrated more stable discharge 
capacities at different C-rate (Figure 11-10). Taking together, the results suggested that both a proper 
TEMPO/pyrene ratio and an appropriate polymer content are important for the optimal 
electrochemical performance. 
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5.4 Conclusion 
In conclusion, we have demonstrated a new method to synthesize random copolymers of 
P(TMA-co-PyMA) with precise control over the ratio of pyrene to nitroxide side groups. A small 
proportion of nitroxide radicals on PTMA were coupled to functional pyrene using the rapid, near 
quantitative SET-NRC ‘click’ reaction. The majority of nitroxide radicals remained intact and served 
as redox energy storage sites. These copolymers can form PTMA/rGO layered composites through 
noncovalent π-π interaction between rGO and the pyrene functionalities to achieve excellent contact 
between nitroxide radicals and rGO sheets and produce a homogeneous dispersion of polymer in a 
carbon matrix. This strategy allowed the polymer electrode to be easily prepared and the polymer 
content simply adjusted. The composite materials were exemplified in a lithium-ion battery and 
demonstrated that the optimal ratio of pyrene groups on PTMA was crucial to achieve both well-
intercalated polymer/rGO composites and highly performed electrode properties. We believe this 
strategy can be broadly applied to functionalize many other radical polymers for energy storage 
applications. 
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Chapter 6 Nitroxide radical polyether gels formed via π-π interaction for 
improved electrode performance 
Although the high molecular PTMA in Chapter 4 shows considerable electrode performance, 
the specific capacity (67 mAh g-1) of the final electrode is still far too low compared to the theoretical 
value of 111 mAh g-1. This is due to the findings that the post-polymerization oxidation could not 
give 100% efficiency and still a slight polymer dissolution into the electrolyte during 
charge/discharge. A strategy to overcome the post-polymerization oxidation is to change to an ionic 
polymerization for the direct polymerization of radical monomers without radical side reactions. 
However, ionic polymerizations are usually abandoned for nitroxide radical polymer synthesis 
because low Mw polymers are usually produced with good solubilities in the organic electrolyte. To 
solve both problems, in this chapter, we report the synthesis of a nitroxide radical polyether gel driven 
by hydrophobic π-π stacking between pyrene groups incorporated on the polymer backbone. Epoxide 
functional nitroxide radical 4-glycidyloxy-TEMPO (GTEMPO) and pyrene 2-((pyren-1-
yloxy)methyl)oxirane (GPy) were copolymerized through anionic ring-opening polymerization to 
produce copolymer P(GTEMPO-co-GPy) and P(GTEMPO-co-GPy)-gel. This nitroxide radical 
polyether gel shows no solubility but good swelling capability in organic carbonate electrolytes, 
preventing the polymer dissolution while allowing migration of the counter ion in the gel network. 
When tested as cathode materials in a lithium-ion battery, P(GTEMPO-co-GPy)-gel demonstrated 
excellent cycling stability during the charge/discharge in a lithium battery. No significant capacity 
decay was observed after 100 cycles. 
6.1 Introduction 
Developing sustainable energy storage resources with an environmentally friendly route is 
increasingly important, with a growing need for clean and efficient energy-storage technologies in 
portable electronics and vehicular sector.1-3 Nonconjugated, organic polymers with stable pendant 
redox groups such as TEMPO (i.e., 2,2,6,6-tetramethylpiperidin-1-yl),4-6 ferrocene,7-8 thiophene,9 
disulphide10 have emerged as promising electroactive materials to replace traditional conjugated 
conducting polymers or inorganic semiconductors. Comparing with the rest, nitroxide radical derive 
polymer materials were paid great attention not only because of the high oxidation potential versus 
lithium (~ 3.6 V) but although the surprisingly rapid and robust charge transport kinetics, even though 
the material is not conductive.11-12 As previously reported, electron self-exchange rates of 
TEMPO/TEMPO+ in a thin film can reach approximately 105 M−1s-1.13-14 Besides, a heterogeneous 
electron transfer rate at a TEMPO/platinum electrode-interface was found to be higher than 10−1 cm 
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s−1.15  All these distinct charge transport kinetics make nitroxide radical polymer a merit organic 
sustainable alternative to those transition metals in energy storage applications.  
Up to date, varieties of nitroxide radical polymers with different backbones have been 
synthesized via both radical and ionic polymerization methods, including poly (TEMPO 
methacrylate),4 poly (TEMPO vinyl ether),16 poly (4-glycidol TEMPO),17 poly (acetylene TEMPO)18 
etc.19 Most of these nitroxide radical polymers suffer a common issue when adopted as the cathode 
material of secondary batteries, which is the dissolution of the polymers into organic electrolyte with 
the charging/discharging proceeding. The dissolution of polymers results in a continuous fading of 
the battery capacity, thus compromise the cycling performance of the polymer electrode.4 Previous 
studies in chapter 4 showed the molecular weight effect on the capacity and cycling stability of 
PTMA. Low molecular weight PTMA possessed a smaller specific capacity and worse cycle stability 
compared with high molecular weight polymers, due to a more substantial solubility of low molecular 
weight polymer in conventional lithium-ion electrolyte such as dimethyl carbonate.4 Despite the 
efforts to obtain a high molecular weight nitroxide radical polymers with long chain length, a more 
effective strategy to minimise the dissolution is to crosslink the nitroxide radical polymers.  
Synthesis of nitroxide radical polymer gel via crosslinking is a more efficient way, especially 
in large-scale, comparing with covalent20 or non-covalent21 modification of nitroxide radical 
polymers onto carbon matrix to prevent the dissolution. Compared to the non-gel polymers, one of 
the most distinctive features of nitroxide radical polymer gels is their insolubility but good swelling 
capability in organic solvents, which could confer the electrode with increased ion migration inside 
the polymer gel network. Moreover, similar with encapsulating redox polymer in nanostructure 
carbons,17 trapping redox centers in a gel matrix can stabilize the species during oxidation/reduction 
processes.22 Up to date, polymers consisting small amount of redox active moieties such as ferrocene, 
thiophene, disulphide and metal ions are readily forming crosslinked gels through a variety of forces 
including covalent bonding,23-24 non-covalent hydrogen bonding,25 metal coordination bonding,26 
host-guest27-28 and hydrophobic interactions.29 However for nitroxide radical polymers, efforts that 
made on forming gels are mostly using covalent linkage. For instance, dimerization of coumarin units 
on nitroxide radical contained copolymer backbones,13, 30 or the addition of multifunctional 
crosslinker during the polymerization.31-32 No physical crosslink strategy has been investigated, since 
the nitroxide radical polymers such as poly (TEMPO methacrylate) (PTMA) all possess a 
hydrophobic backbone, which is difficult to form hydrogen bonding or create a hydrophilic 
microenvironment to drive the hydrophobic interactions of the small number of hydrophobic moieties 
such as pyrene incorporated on the polymer backbone.29, 33-35 Whereas TEMPO containing polyether 
is of particular interesting as it combined the redox active nitroxide radicals with hydrophilic and 
 173 
 
ionophoric ether bonds,36-38 which the latter has been evidenced by broad application of poly(ethylene 
oxide) in solid polymer electrolytes.39-40 In this context, incorporating hydrophobic pyrene onto a 
hydrophilic and ionophoric nitroxide radical polyether chain may induce a drastic change over the 
polymer structures and endow them with improved electrochemical properties. 
In this study, we report a simple way of utilizing π-π stacking between pyrene groups 
incorporated onto the nitroxide radical containing hydrophilic PEG bone to form a gel. In situ anionic 
copolymerization of 4-glycidyloxy-TEMPO and 2-((pyren-1-yloxy)methyl)oxirane (GPy) (Scheme 
6-1) was carried out to form a random copolymer with nitroxide radical and pyrene functionalities, 
which is denoted as P(GTEMPO-co-GPy). Results indicate that a GPy content around 10 mol% is 
essential for gel formation.  The P(GTEMPO-co-GPy) gel generated has no solubility in both aqueous 
and nonaqueous electrolyte even at a high temperature (80 oC). Further swelling capability test shows 
the P(GTEMPO-co-GPy) gel can achieve a weight expansion ratio of around 100% with a fast 
kinetics process (1-2 h).  Further testing the gel as cathode material in a lithium-ion battery 
demonstrates that the P(GTEMPO-co-GPy) gel electrode attains a specific capacity around the 
theoretical value (80 mAh g-1) and good cycle stability with no significant capacity decay after 200 
cycles.  
 
 
 
 
6.1.1 Aim of the chapter 
This chapter aims to explore an anionic polymerization condition suitable for direct synthesis 
of nitroxide radical polyether gel through non-covalent π-π interaction. Such a method will also result 
in the polymer with high radical density. This will be achieved through anionic copolymerization of 
4-glycidyl-TEMPO and glycidyl pyrene ether. This gel can not only prevent the dissolution of 
nitroxide radical polymers into the electrolyte solution, but also allow fast Li-ion diffusion through 
the polymer gels owing to their polyether backbone. Using such polymer gel as cathode in a lithium 
battery can significantly improve the cycling stability as well as C rate performance. 
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Scheme 6-1. (a) Synthesis of monomer 4-glycidyloxy-TEMPO (GTEMPO) and 2-((pyren-1-yloxy)methyl)oxirane 
(GPy); (b) anionic ring opening copolymerization of 4-glycidyloxy-TEMPO and 2-((pyren-1-yloxy)methyl)oxirane. 
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6.2 Experimental 
6.2.1 Materials 
The following reagents and solvents were used as received: silica gel 60 (230-400 mesh), TLC 
plates (silica gel 60 F254), sodium chloride (Univar, 99.9%), methanol (Univar,AR grade), sodium 
hydrogen carbonate (Merck, AR grade), sodium hydroxide pellets (Thermo Fisher Scientific, 
CertiFied AR 500g) n-hexane (Scharlau, 96%), dichloromethane (DCM, Labscan, AR grade), diethyl 
ether (Et2O,Pronalys, AR grade), tetrahydrofuran (THF, HPLC grade, Lichrosolv, 99.8%), ethyl 
acetate (AR grade), petroleum spirit (Chem-supply Pty Ltd, 40-60°C AR), magnesium sulfate 
(Sigma-Aldrich, anhydrous, free-flowing, Redi-Dri™, reagent grade, ≥97%), 2,2,6,6-tetramethyl-4-
piperidone (Aldrich, 95%), sodium tungstate dihydrate (Sigma-Aldrich, ACS reagent, ≥99%). 1-
Pyrenemethanol (Aldrich, 98%), Epichlorohydrin (Aldrich, ≥99%),  Tetrabutylammonium 
hydrogensulfate (sigma-aldrich, 97%). Triethylene glycol (Sigma, BioUltra, anhydrous, ≥99.0% 
(GC)). Potassium (aldrich, chunks (in mineral oil), 98% trace metals basis). 4-hydroxyl TEMPO was 
synthesised as previous reported in chapter 1. 
 
6.2.2 Synthetic procedures 
6.2.2.1 Synthesis of 4-glycidol-TEMPO (GTEMPO) 
 
First, 10 mL of NaOH (50 wt% aqueous solution) followed by 5 mL (6.4 x 10-2 mol) of 
epichlorohydrin and 0.168 g (4.9 x 10-4 mol) of tetrabutylammonium hydrogensulfate (TBABS) were 
added to a 50 mL round bottom flask. After 3h vigorous stirring, 2.0 g (1.16 x 10-2 mol) of 4-hydroxyl 
TEMPO was then added, and left stirred for another 16 h at room temperature. Upon stopping stirring, 
phase separation between the water and organic red phase occurred. The mixture was diluted with 30 
mL water and extracted with diethyl ether (3 x 20 mL). The extract was washed with brine, dried over 
MgSO4 and concentrated by rotary evaporation. The concentrate was purified by column 
chromatography (silica gel) using methanol/DCM mixture (5/95, v/v) as the eluent. The product 
50% NaOH, TBABS
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fraction at an Rf of 0.45 was collected, concentrated and dried under vacuum. The red solid was 
recrystallized in n-hexane to give needle-like crystal product (2.3 g) with yield as 86.7%. ESI-MS: 
Cald. (C12H22NO3+Na
+) 251.30; Found 251.25. Elemental Analysis: C, 63.13; H, 9.71; N, 6.14; 
Found: C, 63.02; H, 9.76; N, 5.95 %.  
6.2.2.2  Synthesis of 2-((pyren-1-yloxy)methyl)oxirane (GPy) 
 
 
 
First, 10 mL of NaOH (50 wt% aqueous solution) followed by 3.54 mL (4.31 x 10-2 mol) of 
epichlorohydrin and 0.168 g (4.9 x 10-4 mol) of TBABS were added to a 50 mL round bottom flask, 
the mixture was left stirring at room temperature for 3h. With vigorous stirring, 2.0 g (8.62 x 10-3 
mol) of 1-pyrenemethanol was then added, the reaction was left to stir for another 16 h at room 
temperature. The dark brown liquid obtained was diluted in 20 mL water and extracted with diethyl 
ether (3 x 50 mL), the extract was washed with brine, dried over MgSO4 and concentrated by rotary 
evaporation. The crude product was purified by column chromatography (silica gel) using 
methanol/DCM mixture (5/95, v/v) as the eluent to give a pale yellow solid product (1.87 g) with 
yield 75.4 %. ESI-MS: Cald. (C20H16O2+Na+ ) 311.10; Found 311.19. 1H NMR (400 MHz, CDCl3) 
δ: 2.645 (1H, q, J= Hz), 2.80 (1H, t, J= Hz), 2.23 (1H, m), 3.575 (1H, q, J= Hz), 3.89 (2H, q), 8.00-
8.40 (9H, m); 13C NMR (100 MHz, CDCl3) δ: 44.33, 51.00, 70.77, 71.90, and 123.38-131.43.  
6.2.2.3 Anionic polymerization of GTEMPO and GPy 
 
50% NaOH, TBABS
+
THF, 70 oC
x =0      PGTEMPO
x=0.05 P(GTEMPO-co-Gpy)
x=0.10 P(GTEMPO-co-GPy) gel
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Typically, under argon atmosphere, TEG 43.1 μL (0.25 x 10-3 mol) was added to 1 mL dry 
THF. With ice bath cooling, potassium 25 mg was added to TEG solution to form alkoxide initiator 
solution until reaction stops bubbling. In another Schlenk tube, GTEMPO 2.28 g (1.00 x 10-2 mol) 
and epoxyl pyrene 0.228 g (1.00 x 10-3 mol) was charged, after three freeze-thaw cycles 1 mL dry 
THF was added via syringe to dissolved the monomer under argon protection. Subsequently, 1mL 
initiator solution was transferred to the monomer solution, and the mixture was immersed in a 70 oC 
oil bath to initiate the polymerization. Polymerization was left at 70 oC for designed time. For entry 
1 with [M1]/[I]=20/1, the polymer was reprecipitated in petroleum spirit (40-60 oC) for 3 times, for 
entry 2 and 3, polymers were reprecipitated in diethyl ether for 3 times. The crosslinked gel was 
dispersed in excess THF to wash out the unreacted monomers. All sample was dried at 60oC under 
high vac for overnight. For kinetic studies, samples were taken at 24h, 48h, 72h, 96h respectively via 
N2 purged long needle.  
 
6.2.2.4 Swellability test   
A small dry gel particle was weighted in an Eppendorf with mass accurately measured. For 
the kinetic experiments, the gel was then immersed in the common electrolyte solvents DMC, 
EC/DMC (1/1, v/v), DME after starting the timer. At each predetermined time point, the timer was 
paused, the gel was taken out with surface free solvent dried by Kimwipes and weighted on balance 
within 20s. Afterward, the gel was put back into the solvent until the next time point. For swelling 
capability test, the dry gel was weighted first; then it was left swelling in the solvent for overnight to 
reach the equilibrium. After that, the swollen gel was taken out with surface free solvent dried by 
Kimwipes and weighted on balance within 20s. The swelling ratio was calculated as the mass increase 
to the original dry gel. 
6.2.2.5  Coin cell fabrication  
The working electrodes were prepared by mixing a specific amount of polymer, Super P 
carbon together with poly(vinylidene fluoride) (PVdF) in NMP to form a slurry. Then the slurry was 
coated on an aluminium foil current collector via doctor blade method with a thickness of 20 μm. The 
electrodes were dried in vacuo at 60 °C for 12 h to remove the solvent before cell assembling.  
The electrochemical performance of polymer/SP composites were measured with 2032 coin 
cells assembled in an Argon-filled glovebox. The working electrodes were cropped as circles with a 
diameter of 1 cm. Lithium foil was used as the counter and reference electrodes, and porous glass 
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fiber (What-man) was used as a separator. The electrolyte was LiClO4 (1 mol/L) in dimethyl 
carbonate/ethylene carbonate (1/1, v/v). Cyclic voltammetry was performed on CHI 760D 
electrochemical working station with scan rate 0.2 mV/s ranging from 3.0 to 4.0 V. Galvanostatic 
cycling tests of the assembled cells were performed on a LAND CT2001A system in the range 
3.0−4.0 V. Electrochemical impedance spectroscopy (EIS) were recorded on a Zive mp2 
multichannel electrochemical workstation with potential amplitude set at 10mV and frequencies 
ranged from 0.01–2 500 Hz. 
 
6.2.3 Analytical methodologies 
Size Exclusion Chromatography (SEC)  
The polymer was dissolved in THF, and filtered using a 0.45 μm PTFE syringe filter. Analysis 
of the molecular weight distributions of the polymers was accomplished using a Waters 2695 
separations module, fitted with a Waters 410 refractive index detector at 35 oC, a Waters 996 
photodiode array detector (PAD), and two Ultrastyragel linear columns (7.8 x 300 mm) arranged in 
series. These columns were kept at 40 oC for all analyses and capable of separating polymers in the 
molecular weight range between 500-4 million g/mol with high resolution. All samples were eluted 
at a flow rate of 1.0 mL/min. Calibration was performed using narrow molecular weight PS standards 
(PDI=1.1) ranging from 500 to 2 million g/mol. Data acquisition was performed using Empower 
software, and molecular weights were calculated relative to polystyrene standards. 
Electron Spray Ionization-Mass Spectra (ESI-MS). 
All the ESI-MS spectra were recorded on Waters LC-MS system with the capillary voltage as 
3.0 KV, extractor voltage 2.0 V, RF Lens 0.5 V, source temperature 120 oC, desolvation temperature 
350 oC, desolvation gas flow 500 L/hr, pump flow 20 µL/min. Sample concentration was 1-5 mg/mL 
in MeOH with tiny NaCl as the ion source, and the cone voltage was varied from 15 to 80V depending 
on the samples.  
Electron Spin Resonance (ESR) 
ESR spectra were recorded with a Bruker E540 spectrometer operating at X-band (~9.8 GHz) 
and using a Bruker ER4122SQE-W1 high sensitivity resonator.  Samples were measure in a 1.5mm 
internal diameter capillary with the following instrumental parameters, microwave power = 0.635 
mW, modulation amplitude = 1 G. The spectra were processed using Bruker Xepr software. 
X-ray diffraction (XRD) 
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X-ray diffraction (XRD) spectra were recorded on a Bruker, D8-Advance X-ray diffractometer. Cu 
Kα, λ = 0.15406 nm was applied to test the solid phase of the synthesized polymer and copolymer gel. 
Scanning electron microscope (SEM)  
The electrode morphology was characterized by field-emission scanning electron microscopy 
(FESEM) (JEOL-7100)  
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6.3 Results and discussion 
6.3.1 Anionic polymerization and characterization of P (GTEMPO-co-GPy) 
Polymers consisting of polyether backbone and TEMPO pedant groups have been synthesized 
through anionic ring-opening polymerization of epoxide functional TEMPO with different 
initiators.32, 36-38 The most successful monomer is 4-glycidyl-TEMPO (GTEMPO). Using potassium 
t-butoxide as initiator in THF produced PGTEMPO with narrow polydispersity but low molecular 
weight with low yield.38 In contrast, polymerization in bulk with potassium t-butoxide or ZnEt2/H2O 
as initiator resulted in partial gelation or low radical density because of the side reactions with 
radicals.38 In this work, we first tested the homopolymerization of GTEMPO by using triethylene 
glycol dipotassium salt as initiator in THF at 70 oC. With a [GTEMPO]/[I] ration of 20/1, the kinetic 
study shows the polymerization rate slowed down after 48 h while the dispersities remained below 
1.1 (Figure 12-1). One-pot polymerization of GTEMPO for 72h at 70 oC gave the number average 
molecular weight (Mn) of 2220 and 4800 from size exclusion chromatography (SEC) with 
[GTEMPO]/[I] ratio of 20/1 and 40/1, respectively (Figure 6-1A). Meanwhile, the peak molecular 
weight characterized by MALDI-ToF MS gave close value to that from SEC (Figure 12-5a). 
However, due to the low conversion (i.e., ~50%) and low molecular weights, the yields after 
precipitation were relatively low (i.e., 25-32%) as shown in Entry 1 and 2 in Table 6-1. Indeed 
PGTEMPO with polyether backbone can facilitate the ionic transport and is tolerant to the redox 
process. However, such low molecular weights make it highly soluble in most of the electrolyte 
solution and could result in drastic decay of capacity. 4 
Pyrene functional amphiphiles are known to form organized nanostructures or (hydro)gel 
through π-π interaction. 29, 34-35 Bearing this in mind, we next copolymerized GTEMPO with 2-
((pyren-1-yloxy)methyl)oxirane (GPy). A pyrene functional epoxide monomer was synthesized 
according to the same procedure as GTEMPO (Figure 12-2 and Figure 12-3) via a phase transfer 
reaction (Scheme 6-1). When polymerization was carried out in THF with the [GTEMPO]/[GPy]/[I] 
ratio of 40/2/1 (Entry 3), very viscous copolymer P(GTEMPO-co-GPy) was formed after 48 h. SEC 
trace of the copolymer was multimodal and the Mn,SEC was 10640 with dispersity Đ of 2.37 (Figure 
6-1A). The presence of pyrene groups is evidenced by the intense UV absorption of pyrene groups 
from 250-360 nm derived from SEC with photodiode array detector (Figure 6-1B). The polymer 
characterized by MALDI-ToF MS, however, gave much lower molecular weight (i.e., peak molecular 
weight Mp of 5339) and narrower distribution (Figure 12-5b). The results suggest that the high 
molecular weight fraction of the multimodal SEC trace could result from the intermolecular π-π 
stacking of pyrene groups on P(GTEMPO-co-GPy) copolymer chains. Changing the 
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[GTEMPO]/[GPy]/[I] ratio to 40/4/1 (Entry 4) produced polymer gel after the polymerization for 12 
h. The gel was obtained with a yield of 72.4% after extensive soaking and washing with THF and 
drying under high vacuum. The gel generated within the same time scale and similar yield even when 
the monomer concentration was decreased from 10 M to 5 M (Entry 5). Apparently, the introduction 
of GPy led to the gel formation, which was intuitively considered being driven by the π-π interaction 
(i.e., the hydrophobic effect in polar solvents).  
Table 6-1. Conditions for polymerisation of GTEMPO and GPy. 
Entry [GTEMPO]/[GPy]/[Py][I]b Solvent Conc. (M)b Time (h) Mp,(SEC)c Mn,(SEC)c Đc Yield (%)d 
1 20/0/0/1 THF 10 72 2220 2070 1.07 25.6 
2 40/0/0/1 THF 10 72 4800 4380 1.25 32.2 
3 40/2/0/1 THF 10 48 14560 10640 2.37 47.5 
4 40/4/0/1 THF 10 12 ¾ ¾ ¾ 72.4 
5 40/4/0/1 THF 5 12 ¾ ¾ ¾ 70.2 
6 40/4/0/1 DMF 10 12 ¾ ¾ ¾ 65.3 
7 40/4/0/1 Toluene 10 48 2620 2705 1.37 32.4 
8 40/4/1/1 THF 10 12 ¾ ¾ ¾ 65.8 
9 40/4/3/1 THF 10 12 ¾ ¾ ¾ 68.4 
10 40/4/5/1 THF 10 48 74780 17300 2.66 52.4 
a Molar ratio of monomer to initiator; b Total monomer concentration in THF; c Molecular weights and dispersities derived from THF SEC 
with polystyrene as standard; d 
Considering the known polarity effect of solvent (i.e., solvation/desolvation) on π-π 
interaction, increasing the polarity of solvent expects more desolvation of pyrene groups in the 
polymerization system;41 while decreasing the polarity tends to solvate the pyrene groups and inhibit 
the π-π interaction.42 As such it is necessary to test the gel formation in different solvents. By 
Changing the solvent from THF with a relative polarity of 0.207 (i.e., water is 1.000) to DMF (polarity 
of 0.386) (Entry 6), the polymerization still produced the gel with a similar yield. Whereas using a 
low polarity of a solvent such as toluene (polarity of 0.099), there was no gel formation after 48 h 
(Entry 7), and the Mn of the copolymer is close to that of PGTEMPO (Entry 1). It suggests the strong 
desolvation effect of the nonpolar solvent diminishes the π-π stacking between pyrene moieties and 
low polarity solvent toluene is not suitable for anionic polymerization and initiation.  
While the solvent studies were encouraging, we want to prove further that the π-π interaction 
between pyrene groups during the polymerization is the main driving force for the gelation. In the 
last set of experiments, we added different amounts of non-functional free pyrene into the 
polymerization system to interfere with the π-π interaction between the pyrene groups incorporated 
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on copolymer chains. Changing the [GPy]/[Py] ratio from 4/1 to 4/3, copolymer gels were still formed 
after polymerization for 12 h with similar gel fraction (Entry 8 and 9). However, changing the ratio 
to 4/5 resulted in a fully soluble copolymer P(GTEMPO-co-GPy) with Mn of 74780 and Đ of 2.66 
(Entry 10), revealing the π-π interaction between the pyrene groups on the polymer chains can only 
be inhibited at high free pyrene concentration thus to prevent the gelation. This strong π-π interaction 
between the pyrene groups in the gel samples was also evidenced by X-ray diffraction (XRD). Figure 
6-1D depicted the XRD spectra of PGTEMPO (Entry 2), soluble P(GTEMPO-co-GPy) copolymer 
(Entry 10) and P(GTEMPO-co-GPy) polymer gel (Entry 4). Both soluble polymers showed a broad 
peak owing to the amorphous polymers phase, whereas the gel sample showed two sharp peaks at 
12.3o and 24.8o, corresponding to the reflection distance of 0.72 nm and 0.36 nm, respectively, which 
are attributed to the π-π stacking of pyrene units inter- and/or intra-polymer chains.43 Besides, the 
theoretical specific capacities for PGTEMPO (Entry2) and P(GTEMPO-co-GPy) gels (Entry 4) 
calculated from the ESR spectra (Figure 6-1C) were 103 and 78 mAh g-1 respectively. 
 
Figure 6-1. (A) SEC traces of P(GTEMPO) and P(GTEMPO-co-GPy) with different DPs synthesized through variation 
of [GTEMPO]/[GPy]/[Py][I]ratio; (B) UV-Vis spectra of P(GTEMPO) and P(GTEMPO-co-GPy) polymers from SEC 
with photodiode array detector; (C) EPR spectra of P(GTEMPO) and P(GTEMPO-co-GPy) in solid state; (D) X-ray 
diffraction (XRD) patterns of P(GTEMPO) and P(GTEMPO-co-GPy). 
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6.3.2 Swelling capability of P (GTEMPO-co-GPy) gel 
The swelling capability experiments found that our nitroxide radical polyether gel possesses 
no solubility but good swelling in common electrolytes, which can eliminate the dissolution of the 
polymer but allow fast ion immigration in the gel network. The swelling capability of dried 
P(GTEMPO-co-GPy) gel was tested in both water and organic carbonate electrolyte solvents 
commonly used for a lithium-ion battery including dimethyl carbonate (DMC), a mixture solvent of 
DMC and ethylene carbonate (EC) and 1,2-Dimethoxyethane (DME). Figure 6-2A showed the gel 
has a very low swelling ratio in water (i.e., 0.1 g g-1), whereas in organic solvents it demonstrated 
significant higher swelling capability (i.e., around 1.0 g g-1) with the best swelling capability 
approximately 1.2 g g-1 in DMC/EC mixture solvent. Swelling kinetics displayed in Figure 6-2B 
indicated that this gel could reach a swelling equilibrium in about 50 min for DMC and DME solvents 
with a close linear expansion rate (~18 mg g-1 min-1) during the initial 50 mins swelling and a final 
swelling ratio around 1 g g-1.   However, within DMC/EC (1/1, v/v), longer equilibration time around 
120 mins was needed as a three-stage expanding process with a slower expansion rate from 10 to 60 
mins followed. The rapid swelling kinetics in DMC and DME allow the battery to reach the 
equilibrium state in a short period after the cell assembling, while a larger expansion ratio in DMC/EC 
mixture provides better ion migration. Since the P(GTEMPO-co-GPy) gel give a higher expansion 
ration in a DMC/EC mixed solvent system. Thus a DMC/EC electrolyte solubilized with LiClO4 was 
chosen as the electrolyte in the following battery test.  
 
 
Figure 6-2. (A) Swelling capability of P(GTEMPO-co-GPy) gel in different solvents (water, DMC, DMC/EC (1/1, v/v), 
DME); (B) swelling kinetic of P(GTEMPO-co-GPy) in DMC, DME, DMC/EC (1/1, v/v). 
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6.3.3 Electrode performance of GTEMPO and P (GTEMPO-co-GPy) gel 
To test the electrochemical performance of the PGTEMPO and the P(GTEMPO-co-GPy) gel, 
we assembled a half battery with the lithium metal as the anode and 1 M LiClO4 DMC/EC solution 
as the electrolyte. A polymer-based cathode was prepared via coating of a slurry consisting of 
polymer/SP carbon/PVdF with weight ratio 3/6/1 onto an aluminum foil with 20 μm thickness using 
doctor blade method. The SEM graphs show that polymer and carbon are evenly dispersed within 
each other in PGTEMPO/SP composite, while the PGTEMPO gel particles scattered in the SP base 
in gel/SP composite (Figure 6-3). The cyclic voltammetry behaviors (Figure 6-4A) of the crosslinked 
and non-crosslinked nitroxide radical polymer batteries are close to the classic proﬁle of nitroxide 
radical polymer/lithium batteries at the 3-4 voltage window with a symmetrical peak around 3.6 V.6, 
44 At 1 C rate (Figure 6-4B), a charge/discharge plateau near 3.5 V corresponding to the TEMPO0/+ 
redox pair was presented, which is consistent with the cyclic voltammetry proﬁle. Charge/discharge 
curves of the battery with the crosslinked polymer cathode still display a steady plateau at high current 
densities from 5 to 10 C. It indicates that the redox kinetics of the nitroxide radical pendant in the gel 
network is fast and electrochemical reactions at higher charge/discharge rates follow the processes 
similar to those occurring at lower rates without side reactions (e.g., 1 C) (Figure 6-4B). 
 
Figure 6-3. SEM of PGTEMP (A) and PGTEMPO gel (B) based electrode (polymer/SP/PVdF, 3/6/1). 
 
The cathode stabilities of both PGTEMPO and the P(GTEMPO-co-GPy) gel were 
characterized  by charge/discharge  cycling test at 1 C for over 100 cycles, respectively (Figure 6-4D). 
The C-rates and capacity speciﬁed in this study are based on the theoretical capacity of GTEMPO (1 
C = 116 mA/g) and mass of polymer respectively. At the first cycle, the PGTEMPO homopolymer 
gives a capacity 81 mAh g-1, only 70% of the theoretical specific capacity (116 mAh g-1), because of 
(A) (B)
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the low Mw polymer dissolution into electrolyte during the battery equilibration stage (~30 mins). 
The polymer dissolution is further evidenced by a significant capacity decline in the following further 
cycles. In detail, the battery with a non-crosslinked polymer cathode exhibits a capacity decreasing 
from 81 mAh g-1 to ~40 mAh/g and ~30 mAh/g after 50th, 100th cycles respectively with a final 
capacity retention only 37%. It is the gradual dissolution of both low Mw neutral nitroxide radical 
polymer and the partially charged (oxoammonium) polymer that results in the capacity fade of 
PGTEMPO battery.31   On the contrast, though the theoretical capacity was lowered to 78 mAh g-1 
because of copolymerization of GPy to the nitroxide radical polymer, the P(GTEMPO-co-GPy) gel 
gives a capacity (70 mAh g-1) 90% of the theoretical value at the first cycle and quickly reaches the 
theoretical capacity after two cycles equilibration. More importantly, crosslinked polymer cathode 
exhibits no capacity decay during 100 cycles with columbic efficiency stay steadily close to 100%.  
The cycling stability improvement of P(GTEMPO-co-GPy) gel was greatly attributed by the swollen 
but insoluble nature of the crosslinked gel that prevents the nitroxide radical polymer dissolution into 
the organic electrolyte.   
 
Figure 6-4. (A) Cyclic voltammetry curves at scan rate of 0.2mV/s of PGTEMO and P(GTEMPO-co-GPy) gel; (B) 
galvanostatic charge/discharge profile of P(GTEMPO-co-GPy) gel at different C rate; rate capability (C)  and cycling 
stability (D)  of  PGTEMPO and P(GTEMPO-co-GPy) gel with polymer contents 30 wt% in final electrode. The 
electrochemical performances of PGTEMPO and P(GTEMPO-co-GPy) gel cathode were tested in a lithium coin cell. 
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The effect of the charge transfer on the polymer/carbon interface and charge propagation 
within the homopolymer PGTEMPO or copolymer P(GTEMPO-co-GPy) gel were investigated via 
impedance analysis of the polymer/lithium half-cell with 1M LiClO4 in DMC/EC as the electrolyte. 
A typical semicircular charge transfer region and linear diffusion control region were observed in the 
AC impedance spectra of both materials (Figure 6-5A).16 In the charge transfer control region, the 
copolymer gel and homopolymer give a closed solution resistance (Rs) near 2Ω and charge transfer 
resistance Rct around 130Ω, which indicates that the crosslink did not increase the charge transfer 
resistance between the polymer and conductive carbon interface. However, in the linear diffusion 
control region, the slope of the copolymer gel is slightly larger than that of homopolymer at the low-
frequency range, which indicates that the charge diffusion resistance on the gel backbone is larger 
than that of homopolymer.16 It possibly resulted from the crosslink inhibiting the mobility of the 
polymer chains as they were partially fixed inside the gel network. Therefore, radical hopping alone 
the polymer chain, especially interchain radical exchanging in the gel network is impaired. Overall, 
the copolymer gel and homopolymer give a close impedance that also evidenced by the C-rate 
capability test (Figure 6-4C). When the two polymers were tested at different C-rate, a similar trend 
was obtained. Briefly, increasing the C-rate from 1C to 2, 5, 10, 30C, the capacity of the copolymer 
gel decreased to 90%, 76%, 64%, 48% of the initial cycle respectively (Figure 6-5B), which is 
comparable to the homopolymer. Though the rate capabilities of two polymers are close, the 
copolymer gel always possesses a capacity that about 40 mAh/g higher than the homopolymer 
PGTEMO because of the polymer dissolution.   
 
Figure 6-5. (A) Impedance spectra of the P(GTEMPO) and P(GTEMPO-co-GPy) gel electrode (polymer/SP/PVdF, 
3/6/1) in 1M LiCO4 DMC electrolyte;(B) Capacity retention at different C-rate to the first cycle of both P(GTEMPO) and 
P(GTEMPO-co-GPy) gel electrode at voltage window 3-4 V.  
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6.4 Conclusion 
In conclusion, we have prepared a crosslink nitroxide radical polyether gel via anionic 
copolymerization of GTEMPO and GPy. At around 10 mol% pyrene functional monomer ratio, 
pyrene originated interchain π-π interactions result in a physical crosslink of the copolymer in situly 
during the polymerization. Polymerization studies indicate that high pyrene monomer ratio (~10%) 
and solvent polarity are both essential for the gel formation. The obtained copolymer nitroxide radical 
gel shows a good swelling capability in carbonate and ether electrolyte solvents with expansion ratio 
around 1g g-1 in 1-2 h. The good swelling capability and insolubility of the nitroxide radical polymer 
gel attribute the excellent cycle stability in a polymer/lithium battery with no significant capacity 
fades over 100 cycles, while still maintain a good C-rate capability.  
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Chapter 7 Summary 
Nitroxide radicals and their polymer derivatives have found applications in diverse areas. In 
recent years, we have seen the revival of such materials due to the development of their applications 
in organic energy storage and electrochemical catalysis. These applications originate from their 
unique stable single electron property. Indeed, the stability and their (electro)chemical reactivity are 
determined by the chemical structure of the nitroxide radical materials and the microenvironment in 
which the radicals are situated. Although past scattered studies show such impacts on their 
applications, there remains a lack of systematic studies on their (micro)structures property 
relationship. This thesis systematically investigated the redox behavior of nitroxide radicals and their 
polymers regarding their structures, architectures, and environments, particularly on how they impact 
on the electrochemical performance in a lithium battery. 
 
7.1 Nitroxide radical structures have great impact on its redox potential and spin density  
The structure of cyclic nitroxide radicals has an enormous impact on the electrochemical 
properties. First, the ring size of nitroxide radicals affects their redox potentials and the stability of 
the corresponding oxoammonium salt. Second, the substitutions on the cyclic ring are thought to alter 
the electron distribution through electrostatic interaction. In Chapter 2, we synthesized and studied 
the redox behavior of total 21 nitroxide radicals, including a number of novel compounds. It was 
found that the oxidation potentials of 4-substituted nitroxide radicals can be predicted by using 
Hammett constants (σp) of the substituents on the nitroxide radicals. The hyperfine splitting constants 
of the nitrogen atoms (αN) also gave a good correlation to their experimental oxidation potentials. 
Theoretical calculations carried out at the G3(MP2,CC)(+)//M06-2X/6-31+G(d,p) level of theory 
with PCM solvation corrections reproduced the experiments within a mean absolute deviation of 33 
mV and a maximum deviation of 64 mV. The oxidation potentials of the nitroxide radicals examined 
varied over 400 mV, depending on ring size and substitution. This variation was attributed to the 
ability of various substituents and heteroatoms which electrostatically affect the oxidized 
oxoammonium cation. Importantly, this can be quantified by a simple predictive relationship 
involving the distance scaled dipole and quadrupole moments of the cyclohexyl analogous. This 
highlights the often-overlooked role of through-space electrostatic substituent effects, even in formal 
neutral compounds. This work could guide the future design and synthesis of different nitroxide 
radicals with desired redox potentials for the applications across energy storage, catalysis, and 
superoxide dismutase (SOD) mimics. 
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7.2 1,2,3-triazole functional TEMPO radicals with low solubility in organic electrolyte 
demonstrate good electrode cycling stability  
Small molecule nitroxide radicals (SMNRs) have rarely been used as electrode active 
materials for solid battery applications, primarily due to their high solubility in commonly used 
electrolytes. One way to overcome this shortcoming is to covalently immobilize nitroxide radicals on 
to rGO and CNTs. However, this method greatly limited the loading capacity of nitroxide radicals in 
the electrode, and thereby will have little value in real battery applications. Presumably, a nitroxide 
radical possessing polar and conjugated ring structure could potentially reduce their solubility in 
carbonate electrolytes. In Chapter 3, we propose a new approach to form low solubility SMNRs 
crystals for electrode application.  Briefly, we synthesized both alkyne and azide functional TEMPO 
radicals and utilized Copper-Catalyzed Azide-Alkyne Cycloaddition (CuAAC) reaction to form 
diTEMPO and triTEMPO with one and three triazole ring linkage, respectively. Such SMNRs 
demonstrated a significantly lower solubility in common organic electrolyte solvents such as dimethyl 
carbonate, ethylene carbonate, and glyme compared to the TEMPO radicals without triazole ring. In 
particular, the CuAAC ‘click’ reaction showed no side products involving the radicals, ensuring the 
1,2,3-triazole ring functional TEMPO structures with a 100% radical content and high theoretical 
capacity (131 and 111 mAh/g respectively). The battery tests showed that the 1,2,3-triazole ring 
functional TEMPO can reach a capacity close to theory and solid cycling stability. Furthermore, 
thanks to the good miscibility of SMNRs and conductive carbons, the loading of these SMNRs in the 
final electrode can reach 70 wt% without compromising their discharge capacity and rate 
performance. This work, to the best of our knowledge, demonstrate the first SMNR battery, and may 
open a new avenue for organic radical battery. 
 
7.3 High molecular weight of PTMA with narrow dispersity synthesized via SET-LRP 
presents good electrode performance 
Synthesis of polymer-supported nitroxide radicals can potentially not only reduce their 
solubility but also endow the electrode materials with flexibility and processability. Poly(2,2,6,6-
tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA) is the most sophisticated nitroxide radical 
polymer that has been widely adopted as cathode material of secondary batteries. Usually, PTMA is 
synthesized via conventional free radical polymerization of 2,2,6,6-tetramethylpiperidine 
methacrylate (TMPM) followed by the oxidation. However, the dissolution of the low molecular 
weight fraction (due to their broad dispersity) leads to the continuous capacity fading over the cycling. 
In Chapter 4, a single-electron transfer living radical polymerization (SET-
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applied to polymerize TMPM to precisely control the molecular weights with low dispersity. Under 
the condition of Cu(0)/Cu(II), Tris[2-(dimethylamino)ethyl]amine (Me6TREN) in isopropanol at 
25oC, a series of PTMPM with degrees of polymerization ranging from 66 to 703 were prepared, 
which after oxidation produced poly(TEMPO methacrylate) (PTMA) with the highest molecular 
weight of 169 kDa and dispersity of 1.35. Radical densities and theoretical capacities of PTMA 
polymers were quantified with three different techniques. These PTMA polymers showed strong 
molecular weight dependence on the electrochemical properties when applied as active materials with 
25 wt% ratio in the electrode composite. The higher molecular weight PTMA polymers showed 
higher specific discharging capacities and better cycling stability due to their lower solubility in the 
electrolyte. This principle could also be applied to other redox polymer electrode materials. 
7.4  The π-π interaction between pyrene functionalized PTMA and rGO affords sandwich-
like nanocomposite with enhanced electrochemical performance  
In previous work, PTMA with high molecular weight was synthesized and shows good 
cycling stability when adopted as lithium battery cathode. But the poor miscibility between the 
polymer and conductive carbon limited the polymer loading in the whole electrode. It is known that 
improving the connectivity between PTMA and conductive carbon additives could potentially allow 
high polymer contents. Currently used covalent modification of PTMA onto carbon materials such 
as GO and CNTs can improve their miscibility, but largely damage the pristine structure of such 
conductive carbon materials. In this chapter, we report the first example of the non-covalent strategy 
to link PTMA to rGO through π-π interaction. First, poly(2,2,6,6,-tetramethylpiperidinyl-1-oxyl 
methacrylate) (PTMA) was functionalized with pyrene side groups through a rapid and near 
quantitative NRC reaction. This resulted in P(TMA-co-PyMA) random copolymers with near 
quantitative amounts of pyrene along the PTMA chain for greater π−π interaction with rGO, while 
the rest nitroxide radicals on the polymer could simultaneously be used for energy storage. These 
copolymers can bind with reduced graphene oxide (rGO) and form layered composites through 
noncovalent π−π stacking, attaining molecular-level dispersion. Electrochemical performance of the 
composites with different polymer contents (24, 35, and 45 wt %), tested in lithium-ion batteries, 
indicated that the layered structures consisting of P(TMA-co-PyMA) maintained greater capacities at 
high C-rates. This simple and efficient strategy to synthesize pyrene-functionalized polymers 
provides new opportunities to fabricate many other polymer composite electrodes for desired 
electrochemical performance. 
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7.5 Nitroxide radical polyether gel synthesized through anionic copolymerization of 
GTEMPO and GPy prevents its dissolution  
In addition to the strategies presented previously, the formation of nitroxide radical polymer 
gel is another method that can prevent the dissolution of this electroactive materials into the 
electrolyte solution. In Chapter 6, we designed a nitroxide radical polyether gel through an anionic 
copolymerization of 4-glycidyl-TEMPO (GTEMPO) and 1-glycidyl-pyrene (GPy). The gel formation 
is driven by the non-covalent π-π interaction between the pyrene groups on either the same or the 
different polymer chains. This strategy demonstrates a few advantages including (1) anionic 
polymerization of monomers not affecting the radicals, (2) polyether backbone allowing the lithium 
ion diffusion and (3) non-covalent crosslinking allowing the easy degradation at the end of the 
material life. We found that copolymerization with the alkoxide as the initiator shows that when the 
pyrene monomer ratio reaches 10 mol%, a copolymer gel is formed. The obtained physically 
crosslinked nitroxide polyether gel exhibits a good swellability in carbonate and ether-based 
electrolyte solvent with expansion ratio around 1g g-1 in 2 h. The well swelled, but insoluble properties 
of the nitroxide polymer gel attribute excellent C-rate capability and cycling stability in a 
lithium/nitroxide polymer battery. When the C-rate increases from 1C to 30C, 50% of the initial 
capacity was retained. Also, at 1C charge/discharge rate, no significant capacity fades observed over 
200 cycles. 
7.6 Perspective and future work 
The inherent fast reversible redox makes nitroxide radicals polymers attractive as energy 
storage materials. Radical polymer battery is a preferable power supply for the next generation of 
transparent, flexible and portable electronic devices. The investigation in this thesis provides several 
strategies to enhance the cycling stability, rate capability of nitroxide radical based cathode in lithium 
battery. However, there remains many challenges before the real implementation. One of them to be 
urgently resolved is to realize stable two-electron storage of nitroxide radical to significant increase 
the capacity of such cathode materials. Finding the nitroxide radical structures that can deliver stable 
two-electron redox and/or designing polymer/composite structures for two-electron energy storage 
would be the priority of the future work. By improving electrochemical performance of radical 
polymers through judicious design and synthesis of radical polymers, we envisage that, in the near 
future, nitroxide radical polymers can reach the much higher theoretical capacities (i.e. double the 
current values), and expand their utilizations not only as battery cathodes but some exciting aspects 
in electrochemical energy storage applications, such as polymer supercapacitors and flow batteries.
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Chapter 8 Appendix A 
 
 
 
 
 
 
 
 
Figure 8-1. (A) 1H NMR and (B) 13C NMR of compound 3 in MeOD-d4. 
 
 
 
 
 
 
 
 
 
Figure 8-2. (A) 1H NMR and (B) 13C NMR of compound 4 in DMSO-d6. 
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Figure 8-3. (A) 1H NMR and (B) 13C NMR of compound 5 in DMSO-d6. 
 
 
 
 
 
 
 
 
 
 
Figure 8-4. (A) 1H NMR and (B) 13C NMR of compound 7 in CDCl3. 
  
1
2
4
3
5
1 2
3
4
5
a
b
c
ge
fd
a
c
e
d
f
g
6
6
(A) (B)
1
2
4
3
5
6
7
8
12
4
8
3
57
6
a
b
c
d
e
f
g
h
i
jk
l
a
b
c
d
e
f
g
h
i
k
l
j
(A) (B)
 196 
 
 
 
 
 
 
 
 
 
Figure 8-5. (A) 1H NMR and (B) 13C NMR of compound 8 in DMSO-d6. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8-6. (A) 1H NMR and (B) 13C NMR of compound 10 in CDCl3. 
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Table 8-1.Comparison between oxidation potentials measured in this work and those in previous studies. 
Nitroxide 
Eox (mV vs. Fc/Fc+) 
Reference 
This study Previous work 
TEMPO 234 226, 238, 239 1, 2, 3 
Nitroxide a 410 428 2 
Nitroxide b 284 296 2 
Nitroxide m 315 300 1 
Nitroxide p 636 691 3 
 
Table 8-2.Oxidation potentials for previously studied nitroxides converted to Fc/Fc+. Chemical structures of these 
nitroxides are given in Figure S10. 
Nitroxide Eox (mV vs. Fc/Fc+) Reference 
Nitroxide 1 352 1 
Nitroxide 3a 386 1 
Nitroxide 3b 472 1 
Nitroxide 3c 551 1 
Nitroxide 4a 421 1 
Nitroxide 4b 471 1 
Nitroxide 4c 499 1 
Nitroxide 4d 399 1 
Nitroxide 4e 406 1 
Nitroxide 4f 383 1 
Nitroxide 4g 475 1 
Nitroxide 4h 506 1 
Nitroxide 4j 524 1 
Nitroxide 4k 336 1 
Nitroxide 7 443 1 
Nitroxide 8 340 2 
Nitroxide 9 299 2 
Nitroxide 10 276 3 
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Figure 8-7. Comparison of computed and experimental oxidation potentials. 
 
Figure 8-8. The correlation between the natural charge on oxygen of nitroxide radicals and their experimental oxidation 
potentials (vs. Fc/Fc+). 
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Figure 8-9. The correlation between the distance-scaled substituent dipole moment of the substituent and the 
experimentally determined oxidation potential of the nitroxide radicals (vs. Fc/Fc+). 
 
 
Figure 8-10. The chemical structures and abbreviations for the additional nitroxides, taken from previous work. 
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Figure 8-11. The model species used for the dipole and quadrupole analysis. 
Note: The blue arrow depicts the defined z-axis. For all 6-membered species, the origin was defined by the atom in the 
3-positions (except for model p, for which a larger dipole interaction with the carbonyl C atom in the 2 position would be 
anticipated). For 5- and 7-membered species, the origin was defined as the midpoint between the atoms in the 3- and 4- 
positions and 4- and 5- positions, respectively. The z axis was then defined from this origin to the opposite C atom (flanked 
by the tetra methyl groups). 
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Figure 8-12. The chemical structures and abbreviations for nitroxides and cations studied in this work. 
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Figure 8-13. The original ESR spectra of each nitroxide radical structure. 1 mg/ml in methanol, X band, Attenuation 
25Gd 
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Table 8-3. Conformational Populations of the Radicals and Cations for Nitroxides a - r 
Species 
Relative 
free-
energy 
(kJ mol−1) 
Relative 
Number of 
Degenerate 
Conformations 
Relative 
Mole 
Fraction 
Dipole (D) Quadrupole (DÅ) r 
Natural 
Charge on 
Nitroxide O 
Cation TEMPO - - 1.000 -0.1401 -0.0100 2.924 - 
Radical TEMPO - - 1.000 -0.1401 -0.0100 2.924 -0.4331 
Cation a.1 7.89 1 0.040 2.9928 -1.5329 2.863 - 
Cation a.2 0.0 1 0.960 3.3714 -2.5577 2.993 - 
Radical a.1 1.93 1 0.315 2.9928 -1.5329 2.863 -0.4201 
Radical a.2 0.0 1 0.685 3.3714 -2.5577 2.993 -0.4290 
Cation b.1 6.56 1 0.030 1.7581 -3.0668 2.928 - 
Cation b.2 4.78 2 0.123 0.7033 0.6688 2.924 - 
Cation b.3 0.00 2 0.847 -0.4893 0.6158 2.949 - 
Radical b.1 0.38 1 0.255 1.7581 -3.0668 2.928 -0.4285 
Radical b.2 0.00 2 0.594 0.7033 0.6688 2.924 -0.4298 
Radical b.3 3.39 2 0.151 -0.4893 0.6158 2.949 -0.4303 
Cation c.1 3.19 1 0.216 -0.1073 -0.0997 2.902 - 
Cation c.2 0.0 1 0.784 0.9522 3.7357 2.956 - 
Radical c.1 1.16 1 0.385 -0.1073 -0.0997 2.902 -0.4255 
Radical c.2 0.0 1 0.615 0.9522 3.7357 2.956 -0.4330 
Cation d.1 7.99 1 0.038 1.8062 -2.1486 2.883 - 
Cation d.2 0.0 1 0.962 0.0869 2.1414 2.884 - 
Radical d.1 1.28 1 0.374 1.8062 -2.1486 2.883 -0.4266 
Radical d.2 0.0 1 0.626 0.0869 2.1414 2.884 -0.4269 
Cation e.1 0.00 1 0.386 -1.6438 5.2222 2.957 - 
Cation e.2 0.00 1 0.386 0.4918 -3.4874 2.960 - 
Cation e.3 1.31 1 0.228 1.1616 -2.2300 2.961 - 
Radical e.1 0.00 1 0.441 -1.6438 5.2222 2.957 -0.4311 
Radical e.2 0.51 1 0.359 0.4918 -3.4874 2.960 -0.4289 
Radical e.3 1.97 1 0.199 1.1616 -2.2300 2.961 -0.4282 
Cation f - - 1.000 3.2880 -2.1385 2.943 - 
Radical f - - 1.000 3.2880 -2.1385 2.943 -0.4206 
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Cation g.1 0.00 2 0.927 4.1948 -17.4025 2.897 - 
Cation g.2 4.60 1 0.073 -0.0932 9.9204 2.899 - 
Radical g.1 0.00 2 0.988 4.1948 -17.4025 2.897 -0.4268 
Radical g.2 9.17 1 0.012 -0.0932 9.9204 2.899 -0.4261 
Cation h.1 0.66 2 0.372 2.5498 -2.2085 2.917 - 
Cation h.2 4.68 1 0.037 2.4374 0.2885 2.920 - 
Cation h.3 0.00 2 0.485 1.1146 1.4126 2.952 - 
Cation h.4 3.76 2 0.106 1.9470 -0.9430 3.023 - 
Radical h.1 0.00 2 0.799 2.5498 -2.2085 2.917 -0.4259 
Radical h.2 2.14 1 0.168 2.4374 0.2885 2.920 -0.4248 
Radical h.3 8.42 2 0.027 1.1146 1.4126 2.952 -0.4266 
Radical h.4 12.23 2 0.006 1.9470 -0.9430 3.023 -0.4315 
Cation i - - 1.000 2.5359 -1.0463 2.901 - 
Nitroxide i - - 1.000 2.5359 -1.0463 2.901 -0.4251 
Cation k.1 0.00 1 0.572 -0.2435 -0.1484 2.948 - 
Cation k.2 6.50 1 0.042 0.6030 -0.0648 2.924 - 
Cation k.3 4.23 1 0.104 0.5988 -0.5868 2.920 - 
Cation k.4 2.77 1 0.187 0.0595 1.5051 3.026 - 
Cation k.5 4.42 1 0.096 0.1881 1.5005 3.027 - 
Nitroxide k.1 5.32 1 0.087 -0.2435 -0.1484 2.948 -0.4298 
Nitroxide k.2 4.27 1 0.133 0.6030 -0.0648 2.924 -0.4297 
Nitroxide k.3 0.00 1 0.746 0.5988 -0.5868 2.920 -0.4298 
Nitroxide k.4 10.90 1 0.009 0.0595 1.5051 3.026 -0.4354 
Nitroxide k.5 8.45 1 0.025 0.1881 1.5005 3.027 -0.4346 
Cation l.1 0.36 1 0.268 0.4358 6.5036 2.905 - 
Cation l.2 2.37 1 0.119 0.7817 4.2685 2.905 - 
Cation l.3 0.00 1 0.309 0.9904 -3.3120 2.944 - 
Cation l.4 2.45 1 0.115 1.5286 -4.7545 2.946 - 
Cation l.5 3.78 1 0.067 0.8493 1.3671 3.018 - 
Cation l.6 2.29 1 0.123 0.7716 1.2295 3.020 - 
Nitroxide l.1 0.00 1 0.615 0.4358 6.5036 2.905 -0.4276 
Nitroxide l.2 1.85 1 0.292 0.7817 4.2685 2.905 -0.4274 
Nitroxide l.3 6.22 1 0.050 0.9904 -3.3120 2.944 -0.4290 
Nitroxide l.4 7.83 1 0.026 1.5286 -4.7545 2.946 -0.4287 
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Nitroxide l.5 10.82 1 0.008 0.8493 1.3671 3.018 -0.4334 
Nitroxide l.6 10.50 1 0.009 0.7716 1.2295 3.020 -0.4340 
Cation m.1 0.11 1 0.241 1.8599 -2.9961 2.923 - 
Cation m.2 0.00 2 0.503 0.7583 4.3022 2.920 - 
Cation m.3 2.95 2 0.153 0.2460 3.9157 3.024 - 
Cation m.4 3.93 2 0.103 0.0818 1.9954 2.952 - 
Radical m.1 1.19 1 0.235 1.8599 -2.9961 2.923 -0.4274 
Radical m.2 0.00 2 0.760 0.7583 4.3022 2.920 -0.4279 
Radical m.3 18.52 2 0.000 0.2460 3.9157 3.024 -0.4339 
Radical m.4 12.61 2 0.005 0.0818 1.9954 2.952 -0.4284 
Cation n - - 1.000 -0.1002 7.0033 2.281 - 
Radical n - - 1.000 -0.1002 7.0033 2.281 -0.4195 
Cation o.1 0.00 1 0.789 0.4089 6.6060 2.283 - 
Cation o.2 3.27 1 0.211 1.9227 -3.6347 2.281 - 
Radical o.1 0.00 1 0.791 0.4089 6.6060 2.283 -0.4198 
Radical o.2 3.29 1 0.209 1.9227 -3.6347 2.281 -0.4195 
Cation r - - 1.000 1.3241 -0.4108 2.830 - 
Nitroxide r - - 1.000 1.3241 -0.4108 2.830 -0.4252 
Cation p - - 1.000 4.6521 -1.1516 2.593 - 
Nitroxide p - - 1.000 4.6521 -1.1516 2.593 -0.4157 
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Table 8-4. Conformational Populations of the Radicals and Cations for Nitroxides 1 - 10 
Species Relative free-energy (kJ mol−1) 
Relative # Degenerate 
Conformations 
Relative Mole 
fraction Dipole (D) 
Quadrupole 
(DÅ) r 
Cation 1.1 0.00 1 0.750 1.0422 0.6344 2.304 
Cation 1.2 4.23 1 0.136 0.8971 2.8382 2.306 
Cation 1.3 4.66 1 0.114 -0.2292 0.5996 2.309 
Nitroxide 1.1 0.00 1 0.890 1.0422 0.6344 2.304 
Nitroxide 1.2 5.33 1 0.106 0.8971 2.8382 2.306 
Nitroxide 1.3 10.75 1 0.004 -0.2292 0.5996 2.309 
Cation 3a - - 1.000 0.5980 3.8997 2.840 
Nitroxide 3a - - 1.000 0.5980 3.8997 2.840 
Cation 3b - - 1.000 5.7600 -12.6535 2.854 
Nitroxide 3b - - 1.000 5.7600 -12.6535 2.854 
Cation 3c - - 1.000 9.9267 -24.0280 2.856 
Nitroxide 3c - - 1.000 9.9267 -24.0280 2.856 
Cation 4a - - 1.000 0.4884 2.2741 2.284 
Nitroxide 4a - - 1.000 0.4884 2.2741 2.284 
Cation 4b.1 0.13 1 0.486 2.7843 -7.6320 2.283 
Cation 4b.2 0.00 1 0.514 1.4166 6.8182 2.283 
Radical 4b.1 0.00 1 0.538 2.7843 -7.6320 2.283 
Radical 4b.2 0.37 1 0.462 1.4166 6.8182 2.283 
Cation 4c.1 2.81 1 0.164 1.9705 11.4072 2.282 
Cation 4c.2 1.08 1 0.329 2.9104 1.3280 2.282 
Cation 4c.3 0.00 1 0.508 3.9128 -10.0200 2.282 
Radical 4c.1 1.97 1 0.187 1.9705 11.4072 2.282 
Radical 4c.2 0.00 1 0.414 2.9104 1.3280 2.282 
Radical 4c.3 0.09 1 0.399 3.9128 -10.0200 2.282 
Cation 4d.1 0.00 1 0.550 -0.1005 7.0581 2.282 
Cation 4d.2 0.50 1 0.450 1.2945 -3.9199 2.282 
Radical 4d.1 0.00 1 0.513 -0.1005 7.0581 2.282 
Radical 4d.2 0.12 1 0.487 1.2945 -3.9199 2.282 
Cation 4e.1 0.15 1 0.485 0.7091 -1.5597 2.283 
Cation 4e.2 0.00 1 0.515 -0.5217 8.5571 2.282 
Radical 4e.1 0.00 1 0.516 0.7091 -1.5597 2.283 
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Radical 4e.2 0.16 1 0.484 -0.5217 8.5571 2.282 
Cation 4f.1 0.00 1 0.652 0.7129 -4.5185 2.281 
Cation 4f.2 5.00 4 0.348 0.4611 1.1126 2.282 
Radical 4f.1 0.00 1 0.643 0.7129 -4.5185 2.281 
Radical 4f.2 4.90 4 0.357 0.4611 1.1126 2.282 
Cation 4g - - 1.000 2.4293 -2.8375 2.282 
Nitroxide 4g - - 1.000 2.4293 -2.8375 2.282 
Cation 4h - - 1.000 3.6031 -5.0163 2.280 
Nitroxide 4h - - 1.000 3.6031 -5.0163 2.280 
Cation 4j - - 1.000 5.6017 -12.2917 2.261 
Nitroxide 4j - - 1.000 5.6017 -12.2917 2.261 
Cation 4k - - 1.000 -0.4558 4.1589 2.283 
Nitroxide 4k - - 1.000 -0.4558 4.1589 2.283 
Cation 7 - - 1.000 0.5056 5.4279 2.279 
Nitroxide 7 - - 1.000 0.5056 5.4279 2.279 
Cation 8 - - 1.000 0.8731 2.0407 2.919 
Radical 8 - - 1.000 0.8731 2.0407 2.919 
Cation 9.1 5.32 1 0.055 1.2896 -1.8701 2.916 
Cation 9.2 0.00 2 0.945 -0.6312 0.6578 2.950 
Radical 9.1 0.00 1 0.776 1.2896 -1.8701 2.916 
Radical 9.2 4.80 2 0.224 -0.6312 0.6578 2.950 
Cation 10 - - 1.000 0.4929 2.4489 3.032 
Radical 10 - - 1.000 0.4929 2.4489 3.032 
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Table 8-5. Total energies of all cations 
Species S (J/mol K) Thermal Correction ZPVE 
M06-2X/ 
6-31+G(d,p) 
UMP2/ 
6-31+G(d) 
UMP2/ 
GTMP2Large 
URCCSD(T)/ 
6-31+G(d) 
Ggas(ONIOM) ΔGsolv(PCM) Gsol(ONIOM) 
TEMPO cat 428.43 0.012720 0.265792 -483.266593 -481.853581 -482.419218 -482.011711 -482.648703 -0.054676 -482.703380 
Cation a.1 449.31 0.013545 0.245943 -557.243799 -555.706656 -556.326165 -555.862949 -556.594035 -0.059585 -556.653620 
Cation a.2 456.67 0.013766 0.245267 -557.246193 -555.709461 -556.328625 -555.865405 -556.597437 -0.059186 -556.656624 
Cation b.1 452.95 0.014006 0.269942 -558.456409 -556.883762 -557.530503 -557.046988 -557.790674 -0.060971 -557.851645 
Cation b.2 454.47 0.014076 0.269807 -558.458749 -556.886349 -557.532538 -557.049433 -557.792803 -0.059521 -557.852324 
Cation b.3 449.24 0.013884 0.270323 -558.463875 -556.891788 -557.536435 -557.054652 -557.795563 -0.058581 -557.854144 
Cation c.1 469.15 0.014597 0.263333 -612.539771 -610.859607 -611.540058 -611.029230 -611.833308 -0.055155 -611.888463 
Cation c.2 476.52 0.014840 0.262767 -612.540435 -610.860562 -611.540827 -611.029996 -611.835048 -0.054629 -611.889677 
Cation d.1 460.02 0.014257 0.275412 -596.516099 -594.846528 -595.517198 -595.017351 -595.798875 -0.058071 -595.856945 
Cation d.2 455.76 0.014134 0.275715 -596.522195 -594.853511 -595.523493 -595.024089 -595.804260 -0.055728 -595.859989 
Cation e.1 490.05 0.016041 0.303940 -672.964798 -671.107054 -671.881149 -671.290279 -672.185976 -0.054326 -672.240302 
Cation e.2 490.08 0.016042 0.303939 -672.964798 -671.107049 -671.881146 -671.290276 -672.185978 -0.054326 -672.240304 
Cation e.3 493.36 0.016216 0.303439 -672.956775 -671.098861 -671.873735 -671.282579 -672.179758 -0.060047 -672.239805 
Cation f 505.05 0.016284 0.292628 -785.060784 -782.983378 -783.837285 -783.173845 -784.199778 -0.064366 -784.264143 
Cation g.1 CORE 556.25 0.018543 0.308810 -1146.248343 -1143.740641 -1144.706944 -1143.937153 - - - 
Cation g.2 CORE 560.73 0.018610 0.308694 -1146.248140 -1143.740788 -1144.707054 -1143.937432 - - - 
Cation g.1 678.86 0.023580 0.389720 -1377.216253 -1374.062233 -1375.249228 - -1375.551942 -0.049418 -1375.601360 
Cation g.2 682.66 0.023653 0.389708 -1377.218728 -1374.063505 -1375.249477 - -1375.552693 -0.0469156 -1375.599608 
Cation h.1 493.83 0.015499 0.268776 -646.787670 -645.035018 -645.735029 -645.203865 -646.042788 -0.059425 -646.102213 
Cation h.2 491.10 0.015440 0.269029 -646.785882 -645.033609 -645.734011 -645.202097 -646.040906 -0.059776 -646.100682 
Cation h.3 490.64 0.015324 0.269159 -646.790996 -645.038930 -645.738130 -645.207077 -646.044617 -0.057848 -646.102465 
Cation h.4 497.75 0.015600 0.268718 -646.788473 -645.036171 -645.736039 -645.204546 -646.043727 -0.057306 -646.101033 
Cation i 469.13 0.014170 0.255683 -3056.549860 -3053.638010 -3054.616208 -3053.656829 -3054.747903 -0.057290 -3054.805193 
Cation k.1 528.92 0.017106 0.308352 -673.860834 -671.966609 -672.718365 -672.164887 -673.046593 -0.050645 -673.097238 
Cation k.2 527.31 0.017223 0.308064 -673.858903 -671.964116 -672.716559 -672.162578 -673.044962 -0.049800 -673.094762 
Cation k.3 525.30 0.017145 0.308316 -673.859481 -671.964661 -672.717471 -672.162872 -673.045220 -0.050406 -673.095625 
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Unless otherwise noted units are in Hartree. 
  
Cation k.4 526.78 0.017222 0.308132 -673.860044 -671.965248 -672.717995 -672.163138 -673.045699 -0.050485 -673.096184 
Cation k.5 534.38 0.017333 0.308034 -673.859698 -671.965860 -672.717808 -672.163941 -673.046551 -0.049003 -673.095555 
Cation l.1 541.64 0.017889 0.313883 -749.135599 -747.085480 -747.910975 -747.290896 -748.269712 -0.050358 -748.320070 
Cation l.2 541.87 0.017880 0.313942 -749.134205 -747.084008 -747.909798 -747.289554 -748.268641 -0.050661 -748.319302 
Cation l.3 537.49 0.017713 0.314147 -749.136710 -747.087319 -747.911957 -747.292320 -748.269720 -0.050485 -748.320205 
Cation l.4 536.83 0.017681 0.31425 -749.135223 -747.085769 -747.910747 -747.290922 -748.268516 -0.050756 -748.319273 
Cation l.5 546.47 0.018007 0.313778 -749.134709 -747.085047 -747.910416 -747.289993 -748.269220 -0.049545 -748.318765 
Cation l.6 545.91 0.017996 0.313708 -749.135503 -747.085905 -747.910988 -747.290881 -748.269838 -0.049497 -748.319335 
Cation m.1 503.24 0.015731 0.280879 -671.776220 -669.953588 -670.703932 -670.128912 -671.016314 -0.058501 -671.074815 
Cation m.2 495.70 0.015613 0.281834 -671.755431 -669.955563 -670.705971 -670.131138 -671.016912 -0.057943 -671.074855 
Cation m.3 498.61 0.015705 0.281006 -671.779406 -669.955836 -670.706713 -670.130903 -671.018211 -0.055521 -671.073732 
Cation m.4 485.29 0.015365 0.281323 -671.779466 -669.954931 -670.705913 -670.130288 -671.016211 -0.057147 -671.073357 
Cation n 485.92 0.015217 0.238381 -611.392623 -609.745022 -610.407272 -609.903377 -610.706078 -0.055378 -610.761455 
Cation o.1 476.94 0.014734 0.226496 -631.256995 -629.590666 -630.270521 -629.743615 -630.575269 -0.053306 -630.628575 
Cation o.2 477.54 0.014744 0.226453 -631.254455 -629.588752 -630.267905 -629.741584 -630.572636 -0.054692 -630.627329 
Cation p 451.17 0.013484 0.221926 -593.144327 -591.576678 -592.224529 -591.721345 -592.505062 -0.060318 -592.565379 
Cation r 426.54 0.012532 0.241620 -519.147633 -517.703648 -518.294347 -517.852483 -518.538683 -0.058326 -518.597009 
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Table 8-6. Total energies of all radicals 
Species S (J/mol K) Thermal Correction ZPVE 
M06-2X/ 
6-31+G(d,p) 
UMP2/ 
6-31+G(d) 
UMP2/ 
GTMP2Large 
URCCSD(T)/ 
6-31+G(d) 
Ggas(ONIOM) ΔGsolv(PCM) Gsol(ONIOM) 
TEMPO 431.72 0.012692 0.264452 -483.523430 -482.091358 -482.662112 -482.254390 -482.902210 0.003139 -482.899071 
Radical a.1 453.93 0.013544 0.244951 -557.515374 -555.958683 -556.582603 -556.120363 -556.861348 0.002215 -556.859132 
Radical a.2 465.13 0.013882 0.244031 -557.514687 -555.958467 -556.582219 -556.119395 -556.862065 0.002199 -556.859866 
Radical b.1 456.30 0.013973 0.268846 -558.719728 -557.128223 -557.779472 -557.296448 -558.050119 0.000876 -558.049243 
Radical b.2 456.70 0.013996 0.268749 -558.719955 -557.128674 -557.779728 -557.296701 -558.050297 0.000908 -558.049388 
Radical b.3 452.02 0.013807 0.269163 -558.718638 -557.131557 -557.782483 -557.295481 -558.048192 0.000096 -558.048096 
Radical c.1 474.55 0.014682 0.262108 -612.801745 -611.102604 -611.787817 -611.277681 -612.092243 0.002598 -612.089646 
Radical c.2 486.98 0.015046 0.261279 -612.800219 -611.101534 -611.786658 -611.275970 -612.092320 0.002231 -612.090089 
Radical d.1 462.76 0.014205 0.274326 -596.780184 -595.091723 -595.766954 -595.267578 -596.059079 0.002789 -596.056290 
Radical d.2 461.57 0.014178 0.274416 -596.780625 -595.092913 -595.767731 -595.268693 -596.059581 0.002805 -596.056776 
Radical e.1 496.98 0.016193 0.302449 -673.216545 -671.339755 -672.119298 -671.528230 -672.435469 0.000526 -672.434943 
Radical e.2 496.54 0.016152 0.302527 -673.215738 -671.338877 -672.118585 -671.527606 -672.434924 0.000175 -672.434749 
Radical e.3 494.85 0.016066 0.302539 -673.214984 -671.338015 -672.117707 -671.526929 -672.434113 -0.000080 -672.434193 
Radical f 509.52 0.016288 0.291583 -785.329605 -783.232349 -784.090807 -783.428419 -784.464422 -0.000956 -784.465378 
Radical g.1 CORE 564.57 0.018555 0.307579 -1146.510014 -1143.983119 -1144.955711 -1144.185033 - - - 
Radical g.2 CORE 567.82 0.018613 0.307654 -1146.511337 -1143.984683 -1144.956269 -1144.186648 - - - 
Radical g.1 671.74 0.023462 0.388791 -1377.479301 -1374.306733 -1375.499284 - -1375.811607 0.007028 -1375.804579 
Radical g.2 683.77 0.023607 0.388693 -1377.477625 -1374.30354 -1375.494756 - -1375.160104 -1375.808449 -1375.801087 
Radical h.1 497.46 0.015494 0.267665 -647.054002 -645.283219 -645.988019 -645.456044 -646.305253 0.003331 -646.301922 
Radical h.2 494.63 0.015398 0.268047 -647.053811 -645.283181 -645.988173 -645.455869 -646.304661 0.003554 -646.301107 
Radical h.3 490.57 0.015260 0.268133 -647.052400 -645.282100 -645.986686 -645.454178 -646.302157 0.003442 -646.298714 
Radical h.4 506.07 0.015740 0.267364 -647.048776 -645.278782 -645.983416 -645.450710 -646.300785 0.003522 -646.297263 
Radical i 473.98 0.014203 0.254500 -3056.817038 -3053.885594 -3054.868219 -3053.909489 -3055.010659 0.004223 -3055.006436 
Radical k.1 526.70 0.017018 0.307079 -674.115454 -672.201161 -672.958689 -672.404862 -673.297419 0.005769 -673.291650 
Radical k.2 530.62 0.017202 0.306723 -674.116581 -672.202035 -672.959660 -672.405616 -673.298887 0.006837 -673.292050 
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Unless otherwise noted units are in Hartree. 
  
Radical k.3 530.38 0.017151 0.307030 -674.118491 -672.204501 -672.962160 -672.407809 -673.300832 0.007155 -673.293676 
Radical k.4 544.26 0.017581 0.306232 -674.110812 -672.197078 -672.955065 -672.400349 -673.295643 0.006119 -673.289524 
Radical k.5 541.96 0.017487 0.306496 -674.113241 -672.200253 -672.957472 -672.403087 -673.297182 0.006725 -673.290457 
Radical l.1 546.74 0.017901 0.312759 -749.396272 -747.327177 -748.157518 -747.537601 -748.526923 0.006868 -748.520054 
Radical l.2 547.81 0.017918 0.312736 -749.395442 -747.326190 -748.156724 -747.536798 -748.526441 0.007092 -748.519349 
Radical l.3 543.05 0.017753 0.312961 -749.394607 -747.326050 -748.155849 -747.536216 -748.524523 0.006837 -748.517686 
Radical l.4 542.66 0.017737 0.313020 -749.394326 -747.325423 -748.155546 -747.535809 -748.524353 0.007283 -748.517070 
Radical l.5 557.37 0.018198 0.312317 -749.391122 -747.322750 -748.152984 -747.532393 -748.522962 0.007028 -748.515934 
Radical l.6 557.20 0.018196 0.312285 -749.391354 -747.323029 -748.153075 -747.532670 -748.523064 0.007012 -748.516053 
Radical m.1 505.27 0.015728 0.279727 -672.040085 -670.197952 -670.953201 -670.378596 -671.276257 0.001482 -671.274775 
Radical m.2 500.84 0.015666 0.279614 -672.041310 -670.198594 -670.954085 -670.379326 -671.276900 0.001673 -671.275227 
Radical m.3 510.66 0.015909 0.279585 -672.034132 -670.192036 -670.947250 -670.371903 -671.270102 0.001928 -671.268174 
Radical m.4 489.44 0.015369 0.280113 -672.038122 -670.194241 -670.950087 -670.375028 -671.271461 0.001036 -671.270426 
Radical n 494.53 0.015366 0.237289 -611.655798 -609.989544 -610.656448 -610.152393 -610.965637 0.000446 -610.965191 
Radical o.1 492.24 0.014994 0.225378 -631.523393 -629.838095 -630.522877 -629.995296 -630.838441 0.003394 -630.835047 
Radical o.2 491.50 0.014950 0.225460 -631.522224 -629.837178 -630.521505 -629.994284 -630.836852 0.003060 -630.833793 
Radical p 459.64 0.013577 0.221115 -593.424034 -591.836311 -592.487712 -591.986800 -592.779717 0.001514 -592.778203 
Radical r 430.73 0.012547 0.240548 -519.411999 -517.949150 -518.544381 -518.102971 -518.799206 0.002518 -518.796688 
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Table 8-7. Total energies of all radicals and cations 
Species 
S 
(J/mol K) 
Thermal Correction ZPVE 
M06-2X/ 
6-31+G(d,p) 
UMP2/ 
6-31+G(d) 
UMP2/ 
GTMP2Large 
URCCSD(T)/ 
6-31+G(d) 
Ggas(ONIOM) ΔGsolv(PCM) Gsol(ONIOM) 
Cation 1.1 480.89 0.014837 0.250935 -632.484204 -630.790540 -631.490270 -630.949204 -0.056764 -631.786052 -631.842816 
Cation 1.2 477.70 0.014765 0.251000 -632.484033 -630.789722 -631.489627 -630.948569 -0.055967 -631.785237 -631.841204 
           
Nitroxide 1.1 495.60 0.015107 0.249484 -632.746599 -631.033624 -631.738155 -631.197114 0.002008 -632.045584 -632.043576 
Nitroxide 1.2 493.10 0.015014 0.249517 -632.744731 -631.031082 -631.735821 -631.194913 0.001801 -632.043366 -632.041566 
           
Cation 4b.1 534.45 0.017364 0.274045 -784.864481 -782.778884 -783.599808 - -0.049943 -783.369091 -783.419034 
Cation 4b.2 533.91 0.017355 0.274081 -784.865344 -782.779818 -783.600617 - -0.049274 -783.369811 -783.419086 
Radical 4b.1 550.15 0.017570 0.272921 -785.129356 -783.024462 -783.850602 - 0.005291 -783.622585 -783.617295 
Radical 4b.2 549.07 0.017552 0.272973 -785.129449 -783.024492 -783.850664 - 0.005339 -783.622491 -783.617152 
Cation 4c.1 599.30 0.020398 0.288802 -973.370530 -970.875821 -971.881522 - -0.051394 -971.640378 -971.691772 
Cation 4c.2 600.14 0.020414 0.288800 -973.370055 -970.875509 -971.881430 - -0.052063 -971.640367 -971.692430 
Cation 4c.3 602.86 0.020453 0.288767 -973.368533 -970.874827 -971.880709 - -0.052892 -971.639950 -971.692842 
Radical 4c.1 614.84 0.020599 0.287736 -973.638367 -971.124586 -972.135032 - 0.003681 -971.896517 -971.892836 
Radical 4c.2 618.23 0.020632 0.287741 -973.638338 -971.124512 -972.135323 - 0.003570 -971.897156 -971.893587 
Radical 4c.3 617.98 0.020643 0.287756 -973.637058 -971.123971 -972.134786 - 0.003012 -971.896564 -971.893552 
Cation 4d.1 493.85 0.015670 0.263059 -671.550885 -669.715132 -670.433126 -669.889467 -0.049258 -670.761333 -670.810591 
Cation 4d.2 493.86 0.015673 0.263068 -671.549364 -669.713656 -670.431699 -669.887995 -0.050501 -670.759899 -670.810401 
Radical 4d.1 510.42 0.015949 0.261661 -671.808714 -669.954339 -670.677281 -670.133008 0.003697 -671.016791 -671.013094 
Radical 4d.2 509.83 0.015937 0.261686 -671.808560 -669.954266 -670.677104 -670.132921 0.003474 -671.016521 -671.013047 
Cation 4e.1 522.94 0.017061 0.291839 -710.833128 -708.871719 -709.635346 -709.063333 -0.044669 -709.982204 -710.026872 
Cation 4e.2 523.41 0.017061 0.291870 -710.834166 -708.872756 -709.636215 -709.064126 -0.044079 -709.982851 -710.026930 
Radical 4e.1 539.92 0.017278 0.290468 -711.090085 -709.109836 -709.878561 -709.305748 0.007474 -710.236768 -710.229294 
Radical 4e.2 540.01 0.017271 0.290512 -711.090061 -709.109717 -709.878281 -709.305414 0.007012 -710.236247 -710.229235 
Cation 4f.1 567.52 0.019656 0.324990 -825.313491 -823.064584 -823.957381 - -0.041705 -823.677182 -823.718886 
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Cation 4f.2 582.20 0.019929 0.324475 -825.310085 -823.063149 -823.953344 - -0.041928 -823.675055 -823.716983 
Radical 4f.1 581.22 0.019813 0.323738 -825.567494 -823.299854 -824.197339 - 0.007283 -823.919791 -823.912508 
Radical 4f.2 593.83 0.020051 0.323196 -825.565874 -823.300126 -824.195046 - 0.008590 -823.919235 -823.910645 
Cation 9.1 489.15 0.015418 0.297185 -597.741958 -596.044180 -596.735284 -596.224691 -0.054103 -597.015011 -597.069114 
Cation 9.2 479.37 0.015109 0.297711 -597.747325 -596.050022 -596.739960 -596.230223 -0.052987 -597.018152 -597.071139 
Radical 9.1 487.58 0.015509 0.298338 -598.001615 -596.284637 -596.980738 -596.470085 0.004223 -597.270794 -597.266571 
Radical 9.2 479.22 0.015224 0.298900 -598.001483 -596.284537 -596.980023 -596.469833 0.003857 -597.268599 -597.264743 
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Chapter 9 Appendix B  
 
 
Synthesis of 4-tetramethylammonium-TEMPO. 4-amine-TEMPO 0.2 g (1.17 x 10-3 mol) 
was dissolved in 5 mL diethyl ether. With vigorous string, iodomethane 0.44 mL (7.00 x 10-3 mol) 
was added to the 4-amine-TEMPO solution. The reaction was left at room temperature for overnight. 
The red precipitation was filtered and redispersed in diethyl ether 10 mL, to which 0.2 g NaHCO3 
was added. Then the suspension was stirred at room temperature for overnight and filtered to get rid 
of the non-ionized TEMPO. Then filtrate was again dissolved in 10 mL acetone to remove the 
inorganic salt and concentrated via rotary-vapor to provide the final product 4-
tetramethylammonium-TEMPO 0.11 g (yield 27%). ESI-MS: Cald. (C12H26N2O+) 214.20, Found 
214.25. 1H NMR (400 MHz, Methanol-d4) δ 3.71 (s, 1H), 3.11 (s, 9.54H), 2.09 (d, J = 11.5 Hz, 
2.05H), 1.72 (t, J=11.94, 2.01H), 1.25 (s, 6.2H), 1.19 (s, 6.2H); 13C NMR (101 MHz, Methanol-d4) δ 
58.58, 50.27, 50.20, 37.90, 31.67, 18.56. 
 
 
Figure 9-1. ESI-MS spectrum of 4-(Trimethylammonio)-2,2,6,6-tetramethylpiperidine-1-oxyl iodide (TTOI). 
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Figure 9-2. XPS spectrum of 4-(Trimethylammonio)-2,2,6,6-tetramethylpiperidine-1-oxyl iodide (TTOI). 
 
Figure 9-3. 1H NMR spectrum of 4-azido-TEMPO; B) 13C NMR spectrum of 4-azido-TEMPO. 
 
 
 
 
 
Figure 9-4. A) 1H NMR spectrum of 4-(Trimethylammonio)-2,2,6,6-tetramethylpiperidine-1-oxyl iodide (TTOI); B) 13C 
NMR spectrum of 4-(Trimethylammonio)-2,2,6,6-tetramethylpiperidine-1-oxyl iodide (TTOI). 
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Figure 9-5. FT-IR spectra of the Tris[(3-TEMPO-1H-1,2,3-triazol-4-yl)methyl]amine (TTMA). 
 
 
 
Figure 9-6. A) UV absorption of 4-hydroxyl TEMPO with different concentrations in THF, (B) Calibration curve. 
  
Figure 9-7.  A) EPR absorption of 4-glycidol TEMPO with different concentrations in DMSO, (B) Calibration curve. 
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Figure 9-8. Nyquist plot of MTTT and TTMA as cathode at mass ratio of PTMA/SP carbon/PVdF=5/4/1, and 0.1 M 
LiPF6 in DMC/EC/PC (1/1/1, v/v/v) as electrolyte. 
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Chapter 10 Appendix C 
 
 
 
 
 
Figure 10-1. 1H NMR spectrum (400MHz) of 2,2,6,6-tetramethylpiperidin-4-yl methacrylate (TMPM) in DMSO-d6. 
 
 
Figure 10-2. 13C NMR spectrum (100MHz) of 2,2,6,6-tetramethylpiperidin-4-yl methacrylate (TMPM) in DMSO-d6. 
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Figure 10-3. SEC traces of PTMA oxidized from PTMPM by H2O2 in methanol, the traces were recorded in THF SEC 
using polystyrene as standard. 
 
 
Figure 10-4. Typical 1H NMR spectrum (400MHz) of PTMPM66 in CDCl3. 
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Figure 10-5. Comparison of two different oxidation methods to convert PTMPM228 to PTMA228. (a) SEC traces and (b) 
the UV-Vis spectra of PTMA228 oxidized by H2O2 in methanol and mCPBA in dichloromethane.  
 
Figure 10-6. The solubility of PTMA in DMC with 1 M LiPF6 determined by UV-Vis. (a) Absorption of 4-hydroxyl 
TEMPO with different concentration in THF, (b) Calibration curve (c) Absorption of PTMA in THF and (d) Solubility 
of PTMA with different DPs determined by UV-Vis. 
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Figure 10-7. Oxidation efficiency determined by EPR. (a) EPR spectra of 4-hydroxyl TEMPO with different 
concentration in DCM, (b) Calibration curve based on integration of EPR spectra (c) EPR spectra of PTMA with different 
DPs oxidized from PTMPM by H2O2 and (d) Number of radicals per unit vs. DP of PTMA determined by EPR.  
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Figure 10-8. Oxidation efficiency determined by UV-Vis : (a) Absorption of 4-hydroxyl TEMPO with different 
concentrations in DCM, (b) Calibration curve (c) Absorption of PTMA with different DPs oxidized from PTMPM by 
H2O2 and (d) Number of radicals per unit vs DP of PTMA determined by UV-Vis.  
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Figure 10-9. Temperature dependence of the paramagnetic susceptibility χP of PTMA66 with both field cooling (FC) and 
zero-field cooling (ZFC) modes. (b) Temperature dependence of the paramagnetic susceptibility χP and its inverse χP-1 of 
all PTMA polymers with FC mode. All the measurements carried out at an applied magnetic field strength of 10 KOe. 
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Figure 10-10. Cycling property and columbic efficiency of (a) PTMA66, (b) PTMA96, (c) PTMA228, (d) PTMA483, and 
(e) PTMA703. as cathode with mass ratio of PTMA/SP carbon/PVdF=0.25/0.65/0.1, charging/discharging at 1C over 300 
cycles.  
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Figure 10-11. Nyquist plot of PTMA with different DPs as the cathode at a mass ratio of PTMA/SP 
carbon/PVdF=0.25/0.65/0.1, and 0.1 M LiPF6 in DMC as the electrolyte.  
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Chapter 11 Appendix D 
 
 
Figure 11-1. 1H NMR spectrum of pyren-1-ylmethyl 2-bromopropanoate. 
 
 
 
 
Figure 11-2. 13C NMR spectrum of pyren-1-ylmethyl 2-bromopropanoate. 
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Figure 11-3. ESI-MS spectrum of pyren-1-ylmethyl 2-bromopropanoate. 
 
 
 
 
 
 
 
 
 
 
Figure 11-4. 1H NMR spectra of (a) P(TMA437-co-PyMA46) and (b) P(TMA455-co-PyMA28)  after trapping the nitroxide 
radicals by ethyl α-bromoisobutyrate (EBiB) through SET-NRC reactions. 
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Figure 11-5. Dynamic light scattering (DLS) of PTMA483 (Black), P(TMA455-co-PyMA28) (Red) and P(TMA437-co-
PyMA46) (Green) with 10 mg/mL in THF. 
 
 
 
 
 
Table 11-1. Compositions of polymer/rGO electrode 
Type of polymer 
mass (mg)  mass ratio  Final electrode composition (wt %) 
Polymer rGO  Polymer rGO  polymer rGO KB Carbon PVdF 
 3.3 7.8  30 70  24 56 0 20 
PTMA483 5.2 5.2  50 50  35 35 20 10 
 4.5 3.6  56 44  45 35 10 10 
 3.6 8.5  30 70  24 56 0 20 
P(TMA455-co-PyMA28) 5.3 5.3  50 50  35 35 20 10 
 4.5 3.5  56 44  45 35 10 10 
 3.7 7.5  30 70  24 56 0 20 
P(TMA437-co-PyMA46) 5.4 5.4  50 50  35 35 20 10 
 4.5 3.6  56 44  45 35 10 10 
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Figure 11-6. Galvanostatic charge/discharge profile at 1st (a, c, e) and  2nd (b, d, f) cycle at 1C for different polymer 
contents. (●) PTMA483, (●) P(TMA455-co-PyMA28), and (●) P(TMA437-co-PyMA46). 
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Figure 11-7. X-ray Photoelectric Spectroscopy of graphite (red), graphene oxide (GO) (blue) and reduced graphene 
oxide (rGO) (green) used in this work. 
 
 
 
 
 
Figure 11-8. SEM images of P(TMA455-co-PyMA28)/rGO electrode composites after (a) charging and (b) discharging.  
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Figure 11-9. Rate and cycling performance of (a) PTMA483, (b) P(TMA455-co-PyMA28) and (c) P(TMA437-co-PyMA46) 
electrodes without rGO at polymer content of 35 wt%.  
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Figure 11-10. Rate performance of P(TMA455-co-PyMA28)/rGO electrodes at different polymer contents.  
0
50
100
150
200
250
300
0 5 10 15 20
Ca
pc
ity
 (m
Ah
 g
-1
)
C-rate
24 wt%
35 wt%
45 wt%
P(TMA455-co-PyMA28)/rGO
 233 
 
Chapter 12 Appendix E 
 
Figure 12-1. Polymerization kinetics of GTEMPO in THF at 70 oC with [M1]/[I] 20/1 and monomer concn. 10M. (a) 
GPC trace with polystyrene standard (b) number average molecular weight (Mn) and polydispersity (Ð) of PGTEMPO 
at different time points. 
 
 
 
Figure 12-2. 1H NMR spectra of 2-((pyren-1-yloxy)methyl)oxirane. 
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Figure 12-3. 13C NMR spectra of 2-((pyren-1-yloxy)methyl)oxirane. 
 
 
 
Figure 12-4. ESI-MS spectrum of 2-((pyren-1-yloxy)methyl)oxirane. 
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Figure 12-5. The SEC trace (Black) and MALDI-Tof MS spectra (Red) of PGTEMPO from Entry 2, P(GTEMPO-co-
GPy) from Entry 3 and P(GTEMPO-co-GPy) from Entry 10.  
 
 
Figure 12-6. Impedance spectra of the crosslinked and non-crosslinked nitroxide polymer electrode (polymer/SP/PVdF, 
3/6/1) in 1M LiCO4 DMC electrolyte. 
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